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ABSTRACT 
Objective:  
The purpose of this study is to evaluate the experimental properties of zirconia-based ceramics.  
Methods:  
Zirconia bars were veneered to 2mm total thickness. Veneering-method groups included: 
1.Hand-layered feldsparthic porcelain (VM=VitaVM9,Vident) and fluorapatite glass-ceramic 
(CR=IPSe.maxCeram,IvoclarVivadent); 2.Pressed feldspathic porcelain (PM=VitaPM9,Vident) 
and fluorapatite glass-ceramic (ZP=IPSe.maxZirPress,IvoclarVivadent); 3.CAD/CAM milled 
feldspathic ceramic (TF=VitablocsTriluxeForte,Vident) and lithium-disilicate glass-ceramic 
(CAD=IPSe.maxCAD,IvoclarVivadent). CAD/CAM veneers were either cemented with resin 
cements (P=Panavia21,KurarayDental), (R=RelyXUltimate,3M ESPE), 
(M=MultilinkAutomix,IvoclarVivadent) or fused with fusion glass-ceramic 
(C=CrystalConnect,IvoclarVivadent). A Three-point-bending test was performed. For group 
VM,PM,TF-M,TF-C,CAD-M,CAD-C, ten more bars were prepared and aged with cyclic loading 
and thermocycling before testing.  
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Zirconia bars (PrettauZirconia,Zirkonzahn;inCorisTZI,Sirona;ZirluxFC,PentronCeramics) 
specimens were prepared and polished. The specimens were divided into 3 groups: control, self-
glaze fired, and glazed groups. A Three-point bending test was performed. 
Veneered zirconia crowns were made. Feldspathic porcelain was applied to zirconia coping. 
Bevel cut on porcelain was made to simulate porcelain chipping. The crowns were then divided 
into 4 different groups according to repair materials including: 1.Conventional-resin composite 
(TetricEvoCeram,IvoclarVivadent) 2.Flowable-resin composite (G-
aenialUniversalFlo,GCamerica) 3.Cemented CAD/CAM milled feldspathic ceramic 
(VitaTriluxForte,Vident) 4.Cemented CAD/CAM milled lithium-disilicate glass-ceramic 
(IPSe.maxCAD,IvoclarVivadent). Each crown underwent thermocycling. The test was 
performed by loading force on the center of repaired part to record load-to-failure.   
Results: 
There were significant differences in the failure loads of non-aged bilayered veneer-zirconia 
bars. Aging experiment revealed a significant difference in failure load between non-aged and 
aged bars in groups VM and PM, but not in the groups with CAD/CAM milled veneers. 
There was significant influence of surface treatments on flexural strength of zirconia specimens. 
Post-hoc test showed that glazed group had significant lower flexural strength than other groups. 
Crowns repaired with CAD/CAM ceramics showed significant higher failure load than resin 
composite. Repairing with lithium-disilicate glass ceramic yielded the highest load-to-failure of 
the specimens.  
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Conclusions:  
- Veneer materials, veneering methods, and cement materials have a significant effect on 
the failure load of bilayered veneer-zirconia. CAD/CAM veneer-zirconia is not 
susceptible to aging performed in this study. 
- Glazing decreased the flexural strength of high translucent zirconia. 
- Veneered zirconia crowns repaired with CAD/CAM ceramic materials have significantly 
higher load-to-failure than veneered crowns repaired with resin composite. 
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As the 40th element of the periodic table, Zirconium was identified initially by Martin 
Heinrich Klaproth, a German chemist, in 1789. The element was then isolated in 1824 by Jons 
Job Berzelius (1). Zirconia (Zirconium oxide or zirconium dioxide) as pure oxide is not present 
in nature, rather it exists as zircon (ZrSiO4) and baddelyite. Zirconium originates from the Arabic 
term ‘Zargon’, or ‘golden’. Extracting Zirconium is a challenge due to its chemical similarity 
with that of hafnium, which is an element usually located in a mixture with Zirconium. At the 
present time, a majority of Zirconium is taken from Baddeleyite (ZrO2) and the minerals zircon 
(ZrSiO4) via the Kroll process, an extraction process (2).  
 The application of Zirconia as a biomaterial was brought about in the 1960s. The initial 
paper on the subject, published by Helmer and Driskell, dealt with the biomedicine applications 
of Zirconia in 1969. This paper proposed the use of Zirconia for the making of ball heads used in 
hip replacements. A majority of the research efforts were more focused on zirconia- yttria 
ceramics, which are a characterized by fine grained microstructures known as tetragonal zirconia 
polycrystals (Y-TZP) (3). 
 Y-TZP ceramics possess a number of favorable characteristics, including dimensional 
stability, toughness, and strength. Zirconia utilization was, from the time of the early 1990s, 
broadened to include to dental profession such as endodontic posts, orthodontic brackets, dowel 
pins, implant abutments and fixtures, as well as framework for partially fixed prostheses (4). 
Regardless of the exceptional characteristics of the Y-TZP ceramic materials, they remain 
more opaque when compared to natural teeth. Thus, zirconia restorations need to be covered with 
porcelain veneer. The use of veneering porcelain ensures that the restorations remain natural-
looking, though they demonstrate a poor mechanical fortitude.  
  
3 
 
A number of different aspects have an effect on the zirconia-reinforced, all-ceramic 
crowns including, but not restricted to, the design of the crown, flaws within the structure, glass 
transition temperature (Tg), the processing technique, and thermally induced residual stresses as a 
result of differences in coefficient of thermal expansion (CTE) of the substructure and veneer. 
Porcelain chipping or de-lamination is still one of the most important problems 
encountered with the clinical use of all-ceramic restorations. When the mechanical properties of 
the framework and veneering materials are different, failure at low forces may occur (5). Number 
of failures of porcelain in clinical trials have been reported (6). 
  As the Y-TZP core is particularly hard and strong, cracks generally start in porcelain 
veneer. Damage can initiate at either the load surface in the form of Hertzian outer and inner 
cone cracks, or from the far field tensile surface in the form of radial cracks (7, 8). Both the inner 
and the outer cracks can be seen as predominant failure modes in veneered ceramics, according 
to Kim et al. (9). Another report also confirmed that the veneering porcelain failed due to inner 
and outer cone cracks (10). 
Due to the fact that the Y-TZP ceramic have a far higher strength when compared to 
veneered porcelains, both researchers and manufacturer tried to create a stronger veneering 
porcelain, which would also be compatible with zirconia-based cores. The absence of true 
chemical bond between the core and the veneer was also another consideration. These factors 
along with others have led to the development of different veneering porcelains with different 
chemical composition, grain size, and CTE to improve the overall restoration. 
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The objective of this dissertation was to explore alternative ways to prevent and manage 
porcelain chipping in all-ceramic restorations. Three different studies were conducted; 
First study, “Veneering Ceramic and Method vs. Strength of Veneered Zirconia in-vitro”, 
investigated different veneering options for zirconia-based restoration. These included 
CAD/CAM milled veneers which were recently introduced. Factors influencing failure load of 
veneer-zirconia systems were also determined. 
Second study, “Effect of glazing on the flexural strength of high-translucent zirconia”, 
looked into the use of high-translucent zirconia. The effect of different surface treatments on 
zirconia was evaluated. 
Third study, “In-vitro Repair of Veneered Zirconia Crowns with Ceramics vs Resins”, 
proposed innovative way of repairing chipped veneered zirconia restoration. Different repair 
materials and techniques were compared. 
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Ceramics 
Ceramics have now been utilized in dentistry for a number of years for both all-ceramic 
and metal-ceramic systems. As a result of the rapid advancement of technology, there are now 
far more options available for esthetic restorations. Dental ceramics can be classified in many 
ways. One of the most useful ones is by Kelly (11), where he categorized the material based on 
their composition: 
- Predominantly glass: have a high content of glass making this type of dental ceramic 
highly esthetic. This type is the best in mimicking the optical properties of enamel and 
dentin. Optical effects are controlled by manufacturers by adding small amount of filler 
particles. 
- Particle-filed glass: Filler particles are added to the glass matrix to improve mechanical 
properties. Fillers can be crystalline particles of high-melting glasses. 
- Polycrystalline: This kind of ceramic has no glass in its composition, herein atoms are 
closely packed together into an ordered regimented arrangement, thereby meaning that 
the material is less susceptible to crack propagation  
Classification can also be based on the fabrication methods including porcelain powder 
condensation, porcelain heat pressing, and CAD/CAM milling. 
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Dental porcelain powder condensation 
 This is the traditional way for fabrication of an all-ceramic restoration. The technique 
involves applying moist porcelain, and then compacting the porcelain by removing the excess 
moist. Subsequently, the porcelain is then fired under a vacuum, resulting in additional 
compaction. Ceramic made by this technique tend to be very translucent, and thus are used for 
veneering due to their esthetics (12). For dental porcelains, the process by which the particles 
coalesce is called liquid-phase sintering. 
 Potash (K2O), soda (Na2O), alumina (Al2O3) and silica (SiO2) are the main composition 
of Potassium and sodium feldspar. They are used in the preparation of many types of dental 
porcelains designed for metal-ceramic crowns and many other dental glasses and ceramics. 
When potassium feldspar is mixed with various metal oxides and fired to high temperatures, it 
can form leucite and a glass phase that will soften and flow slightly. When the porcelain is being 
fired the glass can be softened which permits the coalescing of the porcelain particulates.  
A further significant characteristic of feldspar is that it is able to form crystalline mineral 
leucite as it becomes more solidified from its previously molten state. Leucite, as a potassium-
aluminium-silicate mineral, possesses a considerable thermal expansion trait when compared 
with feldspar glasses. Ceramic powders have many applications in the dental field. They can be 
applied to metal substructures, high strength cores and onto refractory casts to make an esthetic 
ceramic restoration.  
The disadvantages of porcelain made by powder condensation technique are that the 
strength of these materials is never fully achieved as individual building and firing techniques 
always leave a distribution of flaws and voids. Also, firing shrinkage of a powder compact 
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requires multiple firing schedules to produce the required tooth contour and that affects accuracy 
of marginal fit necessary for a dental restoration.  
 Porcelain powders used by dental technicians are not a simple mixture of ingredients. 
Such powders are generally pre-fired, and then a manufacturer blends the components together 
before combining them with number of metal oxides fusing them and quenching the molten mass 
in water, and the procedure itself is referred to as fritting. Fast cooling means that there are 
considerable internal stresses that increase, thereby potentially leading to considerable cracking.  
This material can be ground very easily to produce a fine powder for use by a dental technician 
(13). 
Several other substances are present in porcelain powder. Metal oxides; are able to 
present a number of color options for dental porcelain. Iron oxide, for instance, is able to 
contribute a brownish color, while copper adds a greenish color, cobalt blue and titanium a 
yellow brown color. A sugar and starch binder may also be used to assist the manipulation of the 
powder (14). 
Heat pressing 
 The lost wax method is used to fabricate molds for pressable dental ceramics. They are 
available as prefabricated ingots made of crystalline particles distributed throughout a glassy 
material. The microstructure is similar that of powder porcelains, however, pressable ceramics 
do not contain much porosity and can have a higher crystalline content because the ingots are 
manufactured from non-porous glass by applying a heat treatment that transforms some of the 
glass into crystals. 
 This process produces a well-controlled and homogenous material. The pressable ingots 
are heated to a temperature at which they become a highly viscous liquid, and they are slowly 
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pressed into the lost wax mold. The advantage of hot pressing is that dental technicians are 
already experienced at achieving good accuracy of fit using the lost wax method with metal alloy 
(12). 
Computer-aided design/computer-aided manufacturing technologies and materials 
(CAD/CAM) 
 CAD/CAM technology is used to improve the design and creation of dental restorations, 
especially dental prostheses, including crowns, crown lays, veneers, inlays and onlays, fixed 
bridges, dental implant restorations, dentures (removable or fixed), and orthodontic appliances. 
CAD/CAM ceramics are available as prefabricated blocks, which are milled or cut by computer-
controlled tools. After the tooth is prepared, an optical impression is taken for the preparation by 
a special scanner. The image is then transferred to the system’s software. Then the software 
designs the restoration and sends the data to the computer controlled milling machine that grinds 
the ceramic block according to the desired shape (15). A variety of ceramic materials are 
available to be milled from CAD/CAM blocks. 
 
Zirconia 
 As among the most assessed and researched ceramic materials, zirconia displays a well-
defined structure of crystalline nature, in either a polymorphic or phases, as well as tetragonal, 
cubic and monoclinic states. It has also been documented throughout the literature additional 
different non-common polymorphs of zirconia such as rhombohedral and not-transformable 
tetragonal that exist under special conditions (16, 17). Pure zirconia is, at room temperature, a 
monocyclic crystal structure. Zirconia in this form possesses low strength values as well as low 
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resistivity concerning thermal impact, this it may only be utilized in a small number of situations 
in industry, such as pigment additives or ceramic coloring purposes.  
 The monoclinic phase (polymorph) transforms to the tetragonal phase at 1170°C, and at 
2370°C, it transforms to the cubic phase and remains at this phase up to the melting point at 
2680°C. The manipulation of the heat treatment and the addition of varying amounts of 
stabilizers (oxides) such as Ceria (CeO2, Cerium oxide), Magnesia (MgO, Magnesium oxide), 
Calcia (CaO, Calcium oxide), or Yttria (Y2O3, Yttrium oxide) led to the development of different 
types of zirconia ceramics with different mechanical properties. Within these variety of different 
kinds, the Yttria-Tetragonal Zirconia Polycrystalline (Y-TZP) remains the most used in both 
medical and dental field as a biomaterial. The substance Y-ZTP is comprised of very fine 
particles of Zirconia of 97mol% (95wt%) (Zr2O) in addition to 3mol% (5wt%) Yttria (Y2O3). 
This mixture when sintered properly, forms a zirconia ceramic with nearly every crystallite or 
grain of the material retained in the tetragonal phase at room temperature (18). 
 There is 3-5% volume expansion after Y-TZP ceramics undergoes a characteristic of 
transformation. During this phase change, transformation of the zirconia from a tetragonal crystal 
phase to monoclinic phase is concentrated at the tips of cracks (19, 20). After the zirconia is 
subjected to external stresses like grinding, impact, airborne particle abrasion, fractures or 
cracking can take place with enough force or energy that the small tetragonal crystal 
configurations can be converted into large monoclinic crystals at the crack tips, resulting in the 
dissipation of the crack energy and development of compressive forces which retard crack 
propagation (19).  
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Vita Mark II and Vita Triluxe Forte 
Vita Mark II ceramics was designed to be compatible with the milling procedures 
associated with the Cerec system without firing required. The material consists of a modified, 
fine-particle feldspathic ceramic material that was selected for its machinability, high strength, 
and esthetic qualities. The feldspathic particles are uniformly embedded in a glass matrix. The 
starting powder is refined to produce a fine powder that improves particle packing when forming 
the unfired (green) ceramic block. When this homogeneous material is fired under vacuum to 
1170°C, dense strong blocks with consistent microstructure and quality are produced. 
Restorations made with this material resulted in a high clinical survival rate after 10 years (21). 
Additionally, shade uniformity and shade matching predictability resulted from the elimination 
of the opaque layer that was used with conventional materials. 
The mechanical and physical properties are improved from Vita Mark I. This increased 
homogeneity of the microstructure, as well as its composition, higher densification (22) 
contribute to the enhanced flexural strength (120-130 MPa when polished, and 160 MPa when 
glazed) (23). Mark II ceramic also possesses improved fracture toughness (24), (25)  
Vita Triluxe forte are based on the Vita mark II. Finer nuances of the shade transition 
from the enamel to the neck layer can be achieved while the chroma in the lower dentine or neck 
area is increased. In combination with increasing fluorescence in the cervical area, a natural 
shade effect and an improved chameleon effect are obtained. Vita Triluxe forte are mainly 
recommended for prosthetic restorations such as anterior and posterior crowns and also for 
veneers and onlays.  
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IPS e.max CAD 
 IPS e.max CAD is a lithium disilicate glass-ceramic designed for CAD/CAM 
processing. It consists of quartz, lithium oxide, phosphorous oxide, aluminum oxide and 
potassium oxide (26). The material is indicated for veneers, inlays, onlays, and single crowns as 
it has a flexural strength of roughly 360MPa, and is also available in three different degrees of 
translucency MO (medium opacity), LT (low translucency) and HT (high translucency). 
The block is processed in the pre-crystalized state. This pre-sintered block has a 
distinctive color due to polyvalent coloring ions. Different state of oxidation in the intermediate 
crystalline phase and the fully crystallized phase results in the color change. Most of the blocks 
are “blue” in the partially crystallized state. After crystallization firing, the desired tooth color 
and opacity is acquired. 
 The partially crystallized IPS e.max CAD consists of 40% lithium metasilicate crystals 
(Li2SiO3), embedded in a glassy phase. The grain size of the crystals is between 0.2 and 1.0 um. 
The etched-out areas show the lithium metasilicate crystals. After crystallization firing at 840°C 
for 10 minutes, the fully crystallized IPS e.max CAD microstructure consists of approximately 
70% fine-grain lithium disilicate crystals (Li2Si2O5), embedded in a glassy matrix. After etching 
with hydrofluoric acid (HF), the glassy phase is dissolved and the lithium disilicate crystals 
become visible.  
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Chapter 1  
Veneering Ceramic and Method vs. Strength of 
Veneered Zirconia in-vitro 
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Introduction 
Present processing methods are unable to create zirconia structures as translucent as natural 
teeth, and thus they must be veneered utilizing weaker porcelains to attain an acceptable esthetic. 
This veneer material is usually hand-layered onto the zirconia core and fused onto the ceramic core 
by sintering. (27) 
Due to the fact that the veneer material is not as strong as the core, when it is subjected to 
tension it then fails at lower loads. (28) Cracks may originate from the interface between the core 
and the veneer, from the free surface of the veneer and from the inner surface of the core.(29) The 
veneer material could potentially impact the layered restoration’s fatiguing characteristics to a 
critical degree. The typical failure pattern of a veneering material in the daily clinical practice is 
known as ceramic chipping. (30, 31) This fracture pattern is associated with a thin layer of 
veneering material that remains on the zirconia framework. (30-33) This suggests that there is 
adequate bond of veneering ceramics to the framework, but it shows the limitations and 
vulnerabilities of veneered porcelain. (34) Heat pressing of the veneer porcelain onto the zirconia 
core was introduced as an alternative veneering technique to overcome cohesive failure.(5) 
However, in vitro studies revealed no differences in failure modes and reliability of standardized 
tri-layer configuration(35) but also in load bearing capacity of crown systems with press veneering 
ceramics compared to hand-layer veneering. (27, 34) 
The advancement in CAD/CAM material industries allowed fabricating the same ceramic 
material in the form of industrial prefabricated blocks and applying the milling technique, the 
Weibull modulus of oxide ceramics and thus the reliability of the restorations was significantly 
increased. (22) A number of research papers demonstrated the better mechanical characteristics 
of CAD/CAM materials when compared to materials fabricated in a conventional manner. 
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Recently, CAD/CAM milled veneering material was introduced. The zirconia core and 
veneering materials were milled separately. Both corresponding parts of the restorations can be 
joined together by two techniques. The first one is sintering technique, which is to sinter them by 
means of a glass-ceramic powder. (34) Another technique is cementation technique which is to 
bond veneering and core parts together with resin cements. In vitro studies demonstrated that 
crowns made with sintering technique of a CAD/CAM generated glass ceramics for veneering 
materials to zirconia coping had higher failure load compared to crowns made with other veneering 
techniques. (28, 36) 
 
Objective 
The objective of this study is to evaluate the effect of veneering materials, veneering 
methods, interface materials and aging on the failure load of bilayered veneer-zirconia 
 
Null hypotheses 
- Veneering techniques have no effect on the failure load of bilayered veneer-zirconia. 
- Interface materials have no effect on the failure load of bilayered CAD/CAM veneered zirconia. 
- Veneering materials have no effect on the failure load of bilayered veneered zirconia 
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Materials and Methods 
In this study, bilayered veneer-zirconia specimens were prepared with different veneering 
materials, veneering technique, and interface materials. Table 1 shows the information of materials 
used in this study. 
 
Table 1: Materials used in this study 
 
Material Brand Name Composition wt% 
Zirconia Vita In-Ceram YZ  
(Vita Zahnfabrik, 
Germany) 
Pre-sintered yttria-stabilized zirconium oxide 
ZrO2 >90%, Y2O3 5%, HfO2 <3%, Al2O3, SiO2 <1% 
IPS e.max ZirCAD 
(Ivoclar Vivadent, 
Liechtenstein) 
Pre-sintered yttria-stabilized zirconium oxide 
ZrO287 - 95%, Y2O3 4 - 6%, HfO2 1 - 5%, Al2O3 0 - 
1% 
Hand 
layered 
porcelain 
Vita VM9  
(Vita Zahnfabrik, 
Germany) 
Feldspathic porcelain 
SiO2 60-64%, Al2O3 13-15%, K2O 7-10%, Na2O 4-
6%, TiO2 <0.5%, CeO2 <0.5%, ZrO2 0-1%, CaO 1-
2%, B2O3 3-5%, BaO 1-3%, SnO2 <0.5%, Mg, Fe 
and P oxides <0.1% 
IPS e.max Ceram  
(Ivoclar Vivadent, 
Liechtenstein) 
Fluorapatite glass-ceramic 
SiO2 60-65%, Al2O3 8-12%, K2O 6-8%, Na2O 6-9%, 
CaO <6%, B2O3 0-4%, BaO 1-3%, F <6%, P2O5 
<6%, other oxides 2-8.5%, pigments 0.1-1.5% 
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Pressed-on 
ceramics 
Vita PM9 
(Vita Zahnfabrik, 
Germany) 
Feldspathic porcelain 
SiO2 62-67%, Al2O3 16-19%, K2O 6-8%, Na2O 5-
8%, B2O3 1-3%, pigments 
IPS e.max ZirPress 
(Ivoclar Vivadent, 
Liechtenstein) 
Fluorapatite glass-ceramic 
SiO2 57-62%, Al2O3 20-23%, K2O 2-4%, Na2O 6-
8%, F 0.5-1%, P2O5 1-2%, other oxides 0-6%, 
pigments 0.2-0.9% 
Milled 
ceramics 
Vitablocs Triluxe Forte 
(Vita Zahnfabrik, 
Germany) 
Feldspathic porcelain 
SiO2 56-64%, Al2O3 20-23%, K2O 6-8%, Na2O 6-
9%, TiO2 <0.1%, CaO 0.3-0.6% 
IPS e.max CAD 
(Ivoclar Vivadent, 
Liechtenstein) 
Lithium disilicate glass-ceramic 
SiO2 57-80%, Li2O 11-19%, K2O 0-13%, P2O5 0-
11%, ZrO2 0-8%, ZnO 0-8%, Al2O3 0-5%, MgO 0-
5%, coloring oxides 0-0.8% 
Fusing 
porcelains 
IPS e.max CAD 
Crystall./Connect  
(Ivoclar Vivadent, 
Liechtenstein) 
Fusing glass-ceramic 
SiO2 50-65%, Al2O3 8-22%, K2O 4-8%, Na2O 6-
11%, ZnO 1-3%, other oxides 5-17.5%, pigments 
0.1-3% 
Luting 
cements 
Multilink Automix 
(Ivoclar Vivadent, 
Liechtenstein) 
Adhesive Luting Composite 
Multilink Automix 
 Base Catalyst 
Dimethacrylate and 
HEMA 
30.5 30.2 
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Barium glass filler and 
Silica filler 
45.5 45.5 
Ytterbium trifluoride 23 23 
Catalysts and Stabilizers 1 1.3 
Pigments <0.01 - 
 
Multilink Primer A 
Water 85.7%, Initiators 14.3% 
 
Multilink Primer B 
Phosphoric Acid acrylate 48.1%, Hydroxyethyl 
methacrylate 48.1%, Methacrylate mod. Polyacrylic 
acid 3.8%, Stablizers <0.02% 
 
Monobond Plus 
Ethanol 50-100%, Trimethoxysilylpropyl 
methacrylate <2.5% 
Methacrylated phosphoric acid ester <2.5% 
Panavia 21 
(Kuraray, Japan) 
Adhesive resin cement 
No data provided on composition 
RelyX Ultimate 
(3M ESPE, Minnesota) 
Adhesive resin cement 
Base Paste 
Methacrylate monomers, Radiopaque, silanated 
fillers 
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, Initiator components, Stabilizers, Rheological 
additive 
 
Catalyst Paste 
Methacrylate monomers, Radiopaque alkaline 
(basic) fillers, Initiator components, Stabilizers, 
Pigments, Rheological additive, Fluorescence dye, 
Dark cure activator for Scotchbond Universal 
adhesive 
 
Scotchbond Universal Adhesive 
MDP Phosphate Monomer, Dimethacrylate resins, 
HEMA, Vitrebond, Copolymer, Filler, Ethanol, 
Water, Initiators, Silane 
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Experimental groups 
In this study, there were 12 experimental groups with 4 different veneering techniques; hand 
layering, pressing on, cemented CAD/CAM milling, and fused CAD/CAM milling. Two 
different veneering materials were used for each veneering techniques. For cemented CAD/CAM 
milling groups, three different cements were chosen. 
 
Hand-Layered porcelain groups 
Group 1: Vita In-Ceram YZ + Vita VM9 
Group 2: IPS e.max ZirCAD +IPS e.max Ceram 
  
Pressed-on ceramics groups 
Group 3: Vita In-Ceram YZ + Vita PM9 
Group 4: IPS e.max ZirCAD + IPS e.max Zirpress 
 
Cemented Milled Ceramics Groups 
Group 5: Vita In-Ceram YZ + Vitablocs Triluxe Forte + Panavia 21 
Group 6: Vita In-Ceram YZ + Vitablocs Triluxe Forte + Multilink Automix 
Group 7: Vita In-Ceram YZ + Vitablocs Triluxe Forte + RelyX Ultimate 
Group 9: IPS e.max ZirCAD + IPS e.max CAD + Panavia 21 
Group 10: IPS e.max ZirCAD + IPS e.max CAD + Multilink Automix 
Group 11: IPS e.max ZirCAD + IPS e.max CAD + RelyX Ultimate 
 
Fused Milled Ceramics Groups: 
Group 8: Vita In-Ceram YZ + Vita Triluxe Forte + IPS e.max CAD Crystall/Connect 
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Group 12: IPS e.max ZirCAD + IPS e.max CAD + IPS e.max CAD Crystall/Connect 
 
Zirconia Preparation 
A total of ten rectangular specimens of zirconia for each group were prepared with dimension 
of 1.25mmx5mmx25mm using a 15LC diamond-wafering blade mounted on an Isomet 2000 
Precision Saw (Buehler, Lake Bluff, Illinois). The cuts were made at 800rpm with 300gram of 
load with cooling provided by a dual-nozzle water irrigation system. The dimensions of the 
specimens were then verified post-sectioning with the use of Mitutoyo absolute IP-67 digital 
Vernier caliper (Mitutoyo, Kawasaki, Japan). 
The specimen was polished using a Buehler Ecomet 250 Grinder Polisher (Buehler, Lake 
Bluff, Illinois). The polishing was done with 15-micro-grit diamond polishing pad at 30 rpm with 
water irrigation for 90 seconds for each side, and then thoroughly rinsed. 
The specimens were aired dry at room temperature for at least 24 hours to minimize the 
possibility of having water entrapped in the zirconia structure. The sectioned bars were sintered 
with the sintering parameter as in table 2. 
Materials Entry 
temperature 
Rising temperature 
rate(°C) 
Final temperature 
(°C) 
Holding time 
(min) 
Vita In-
Ceram YZ 
Room 
temperature 
17 1530 120 
IPS e.max 
ZirCAD 
Room 
temperature 
17 1500 120 
 
Table 2. Firing parameter for zirconia sintering  
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The dimension of the zirconia specimens after being sintered was 20mmx4mmx1mm. The 
specimens were then assigned for three different veneering protocols according the assigned 
groups.  
 
        
                  
 
Figure 1 Sectioning of zirconia block 
 into zirconia bar 
Figure 2 pre-sintered zirconia bar placed  
on sintering tray 
Veneering 
Hand-Layered porcelain groups 
Group 1: Vita In-Ceram YZ + Vita VM9 
A Silicone mold which had a rectangular area of 2x4x20mm was created (Speedex putty-
silicone impression material, Coltene/Weldent, Ohio). The mold permitted a one millimetre 
vertical space following the placing of the zirconia specimen into the mold. After this, the zirconia 
specimen was cleaned using steam jets and left to dry, before being placed into the mold. Base 
dentin wash bake was made by mixing VM9 Base dentin powder with modeling liquid to obtain a 
thin aqueous mixture, applied very thinly to the zirconia sample and then fired in Vita Vacumat 
6000 M furnace (Vita Zahnfabrik, Germany) following manufacturer’s instructions. Porcelain 
powder was mixed with modeling liquid before being packed into the mold with the use of a 
vibrator. The mix was thoroughly dried using paper napkins. Then the sample was carefully 
removed from the mold and placed on a firing tray. Porcelain was then fired (Table 3). The samples 
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were finished with the same protocol when polishing the zirconia specimens as previously 
mentioned, then glazed using Akzent glaze poweder and liquid. 
Figure 3 Prepared zirconia bar  
  
Figure 4 Porcelain packing on zirconia bar 
 
Figure 5 Specimen after porcelain firing 
 
Figure 6 Polished hand-layered veneering specimen 
  
Table 3: Firing steps for Vita VM9 
Firing steps Drying 
temp.  
°C 
Drying 
time 
min. 
Rising 
time 
min. 
Rising 
rate 
°C/min 
Final 
temp  
°C 
Holding 
time 
min. 
Cooling 
temp.  
°C 
Vacuum 
min. 
Wash bake 
firing 
500 2.00 7.27 45 950 1.00 - 8.11 
1st dentin firing 500 6.00 7.27 45 910 1.00 600 7.27 
2nd dentin firing 500 6.00 7.16 45 900 1.00 600 7.16 
Glaze firing 500 0.00 5.00 45 900 1.00 600 - 
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Group 2: IPS e.max ZirCAD +IPS e.max Ceram 
A silicone mold was made as previously mentioned in group1. IPS e.max Ceram ZirLiner 
(Ivoclar vivadent, Liechtenstein) was mixed with the ZirLiner liquid to a creamy consistency and 
then applied on each zirconia specimens in order to achieve proper bonding between veneering 
porcelain and zirconia. ZirLiner was fired in Programat EP 5000 furnace (Ivoclar vivadent, 
Liechtenstein) following manufacturer’s instructions (Table 4). Base dentin was bake was made 
by mixing IPS e.max Ceram Base dentin powder with modeling liquid to obtain a thin aqueous 
mixture, applied on the fired ZirLiner and then fired following manufacturer’s instructions 
(Table 4). Porcelain powder was then mixed with modeling liquid and packed onto the specimen 
inside the mold using a vibrator. The mix was thoroughly dried using paper napkins. Porcelain 
was then fired according to manufacturer’s instructions (Table 4). 
 
Table 4: Firing steps for IPS e.max Ceram 
Firing Steps Stand-
by temp.  
°C 
Closing 
Time 
min. 
Heating 
rate 
°C/min 
Holding 
temp. 
°C 
Holding 
time 
min. 
Vacuum 
on °C 
Vacuum 
off °C 
ZirLiner firing 403 4.00 40 960 1.00 450 959 
Wash bake firing 403 4.00 40 750 1.00 450 749 
1st dentin firing 403 4.00 40 750 1.00 450 749 
2nd dentin firing 403 4.00 40 750 1.00 450 749 
Glaze firing 403 6.00 60 725 1.00 450 450 
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Pressed-on ceramics groups 
Group 3: Vita In-Ceram YZ + Vita PM9 
Group 4: IPS e.max ZirCAD + IPS e.max Zirpress 
A zirconia specimen was positioned into the silicone mold as previously mentioned in group 
1. For group 4, IPS e.max Ceram ZirLiner was mixed with the ZirLiner liquid to a creamy 
consistency and then applied on each zirconia specimens in order to achieve proper bonding 
between veneering porcelain and zirconia). ZirLiner was fired in Programat EP 5000 furnace 
(Ivoclar vivadent, Liechtenstein) following manufacturer’s instructions. Blue-inlay casting wax 
(Kerr, Switzerland) was melted and placed over the zirconia specimen inside the mold. The 
specimens were smoothed, sprued and invested into IPS PressVEST speed investment material. 
Three specimens were invested at a time. The wax was burned out and the muffle was heated. The 
specimens were over pressed with either Vita PM9 (Vita Zahnfabrik, Germany) or IPS e.max 
Zirpress (Ivoclar vivadent, Liechtenstein) ingots using Programat EP 5000 furnace (Ivoclar 
vivadent, Liechtenstein) following manufacturer’s instructions (Table 5). After cooling, the 
investment material was removed using separating disc. The specimens were divested by sandblast 
with 30µm Aluminum oxide particle at 2 bars. The sprues were cut using carborundum disc. The 
specimens were immersed into HF solution (IPS e.max Press Invex Liquid, Ivoclar vivadent, 
Liechtenstein) to remove the reaction layer formed during the press procedure. The samples were 
then finished with the same protocol when polishing the zirconia specimens as previously 
mentioned, then glazed using Akzent glaze powder and liquid (Table 6, 7). 
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Table 5: Pressing steps for Vita PM9 and IPS e.max ZirPress 
Press 
ceramics 
Initial 
temp.  
°C 
Closing 
time 
min. 
Heating 
time 
min. 
Heting 
rate 
°C/min 
Holdin
g temp. 
°C 
Holdin
g time 
min. 
Pressure  
bar 
Pressing 
time 
 min. 
Vita PM9 700 0.00 6.00 50 1000 20.00 4.7 10.00 
IPS e.max 
ZirPress 
700 0.00 6.00 60 910 15.00 4.7 10.00 
  
Table 6: Glaze firing steps for Vita PM9  
Drying 
temp.  
°C 
Drying 
time 
min. 
Rising 
time 
min. 
Rising 
rate 
°C/min 
Final 
temp  
°C 
Holding 
time 
min. 
Cooling 
temp.  
°C 
Vacuum 
min. 
500 4.00 3.15 80 760 1.00 - - 
 
 Table 7: Glaze firing steps for IPS e.max ZirPress 
Stand-
by temp 
°C 
Closing 
time 
min. 
Heating 
rate °C/min 
Holding 
temp. °C 
Holding 
time min. 
Vacuum 
on °C 
Vacuum 
off °C 
403 6.00 60 770 1.00 450 769 
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Figure 7 Zirconia bar with wax-up  
for pressed veneering 
Figure 8 Pressing of ceramic 
material to zirconia bar 
 
 
Figure 9 Pressed specimen after divesting Figure 10 Polished pressed 
specimen 
 
Cemented Milled Ceramics Groups 
Group 5: Vita In-Ceram YZ + Vitablocs Triluxe Forte + Panavia 21 
Vita Triluxe Forte CAD/CAM ceramic blocks (Vita Zahnfabrik, Germany) were sectioned into 
ceramic bars with a dimension of 1mmx4mmx20mm using a 15LC diamond-wafering blade 
mounted on an Isomet 2000 Precision Saw (Buehler, Lake Bluff, Illinois). The cuts were made at 
800rpm with 300gram of load with cooling provided by a dual-nozzle water irrigation system. 
Specimen dimensions were verified after sectioning using Mitutoyo absolute IP-67 digital 
Vernier caliper (Mitutoyo, Kawasaki, Japan). The ceramic bars were polished using a Buehler 
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Ecomet 250 Grinder Polisher (Buehler, Lake Bluff, Illinois). The polishing was done with 15-
micro-grit diamond polishing pad at 30 rpm with water irrigation for 90 seconds for each side, 
and then thoroughly rinsed. The bar was glazed using Akzent glaze powder and liquid (Table 8). 
Veneer bars were etched with 5% hydrofluoric acid (Vita Ceramic Etch, Vita Zahnfabrik, 
Germany) for 60 seconds. Acid residues were removed by spraying for 60 seconds. Silane 
(Vitasil, Vita Zahnfabrik, Germany) was applied to the etched surface. Then Panavia 21 resin 
cement was applied to both zirconia and veneer bars. The ceramic bar was seated on the zirconia 
bar with finger pressure and excess cement was cleaned. The oxyguard (Kuraray, Japan) was 
applied to the outer surface of the specimen to minimize oxygen inhibiting layer which can 
disrupt the bonding. The sample was then placed on the standard load of 1.39kg for 30 minutes 
in a cementation apparatus 
 
Table 8: Glaze firing steps for Vita Triluxe Forte  
Drying 
temp.  
°C 
Drying 
time 
min. 
Rising 
time 
min. 
Rising 
rate 
°C/min 
Final 
temp  
°C 
Holding 
time 
min. 
Cooling 
temp.  
°C 
Vacuum 
min. 
500 4.00 5.15 80 920 1.00 - - 
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Figure 11 Prepared zirconia bar and  
Vita Triluxe Forte bar 
Figure 12 Test specimen after cementing 
zirconia and Vita Triluxe Forte bars together 
 
Group 6: Vita In-Ceram YZ + Vitablocs Triluxe Forte + Multilink Automix 
Vita Triluxe Forte veneer bars were prepared and glazed as previously mentioned in group 
5. veneer bar was etched with 5% hydrofluoric acid (IPS Ceramic Etch, Ivoclar vivadent, 
Liechtenstein) for 60 seconds. Acid residues were removed by spraying for 60 seconds. 
Monobond-Plus (Ivoclar vivadent, Liechtenstein) was applied to both veneer and zirconia bars for 
60 seconds before air-dry. A thin layer of luting composite resin cement (Multilink Automix, 
Ivoclar vivadent, Liechtenstein) was applied to both zirconia and veneer bars. The ceramic bar was 
seated on the zirconia bar with finger pressure and excess cement was cleaned. The sample was 
then placed on the standard load of 1.39kg in a cementation apparatus. Light-curing procedure was 
conducted by pre-cure for 1 seconds before remove cement excess, and fully-cure for 20 seconds. 
The samples were left in a cementation apparatus for 30 minutes. 
 
Group 7: Vita In-Ceram YZ + Vitablocs Triluxe Forte + RelyX Ultimate 
Vita Triluxe Forte veneer bars were prepared and glazed as previously mentioned in group 
5. veneer bar was etched with 5% hydrofluoric acid (IPS Ceramic Etch, Ivoclar vivadent, 
Liechtenstein) for 60 seconds. Acid residues were removed by spraying for 60 seconds. 
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Scotchbond universal (3M ESPE, Minnesota) was applied to both veneer and zirconia bars for 60 
seconds before air-dry. A thin layer of luting composite resin cement (RelyX ultimate, 3M 
ESPE, Minnesota) was applied to both zirconia and veneer bars. The ceramic bar was seated on 
the zirconia bar with finger pressure and excess cement was cleaned. The sample was then 
placed on the standard load of 1.39kg in a cementation apparatus. Light-curing procedure was 
conducted by pre-cure for 1 seconds before remove cement excess, and fully-cure for 20 
seconds. The samples were left in a cementation apparatus for 30 minutes. 
 
Group 9: IPS e.max ZirCAD + IPS e.max CAD + Panavia 21 
IPS e.max CAD blocks (Ivoclar vivadent, Liechtenstein) were sectioned into ceramic bars 
with a dimension of 1mmx4mmx20mm using a 15LC diamond-wafering blade mounted on an 
Isomet 2000 Precision Saw (Buehler, Lake Bluff, Illinois). The cuts were made at 800rpm with 
300gram of load with cooling provided by a dual-nozzle water irrigation system. Specimen 
dimensions were verified after sectioning using Mitutoyo absolute IP-67 digital Vernier caliper 
(Mitutoyo, Kawasaki, Japan). The ceramic bars were polished using a Buehler Ecomet 250 Grinder 
Polisher (Buehler, Lake Bluff, Illinois). The polishing was done with 15-micro-grit diamond 
polishing pad at 30 rpm with water irrigation for 90 seconds for each side, and then thoroughly 
rinsed. The veneer bar was subjected to crystallization firing using Programat EP5000 furnace 
(Ivoclar vivadent, Liechtenstein) and glazed simultaneously using IPS e.max CAD Crystall glaze 
paste (Ivoclar vivadent, Liechtenstein) (Table 9). The cementation protocol was as previously 
mentioned in group 5 except that the veneer bars were etched for 20 seconds only. 
 
 
31 
 
Table 9: Crystallization and glaze firing steps for IPS e.max CAD 
 
Group 10: IPS e.max ZirCAD + IPS e.max CAD + Multilink Automix 
IPS e.max CAD bars were prepared as previously mentioned in group 9. The cementation 
to the zirconia bar was as previously mentioned in group 6 except that the veneer bars were etched 
for 20 seconds only. 
Group 11: IPS e.max ZirCAD + IPS e.max CAD + RelyX Ultimate 
IPS e.max CAD bars were prepared as previously mentioned in group 9. The cementation 
to the zirconia bar was as previously mentioned in group 7 except that the veneer bars were 
etched for 20 seconds only. 
 
 
 
 
Stand-
by 
temp 
°C 
Closing 
time 
min. 
Heating 
rate 
°C/min 
Firing 
temp. 
°C 
Holding 
time 
min. 
Heating 
rate 
°C/min 
Firing 
temp 
°C 
Holding 
time 
min. 
Vacuu
m 1 
°C 
Vacuu
m 2 
°C 
Long 
term 
coolin
g 
403 6.00 60 820 2.00 30 840 7.00 550-
1022 
820-
1508 
700 
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Fused Milled Ceramics Groups: 
Group 8: Vita In-Ceram YZ + Vita Triluxe Forte + IPS e.max CAD Crystall/Connect 
Vita Triluxe Forte veneer bars were prepared as previously mentioned in group 5. Zirconia 
and veneer bars were joined using special fusing glass-ceramic IPS e.max CAD Crystall/Connect 
which was applied to both bars and evenly distributed using Ivomix vibrator (Ivoclar vivadent, 
Liechtenstein). Then the bars were fitted together with slight pressure and excess fusing glass 
ceramic was removed. Then they were subjected to sintering using Programat EP5000 furnace 
(Ivoclar vivadent, Liechtenstein), (Table 10). The bars were then glazed using Akzent glaze 
powder and liquid (Table 11). 
Group 12: IPS e.max ZirCAD + IPS e.max CAD + IPS e.max CAD Crystall/Connect 
IPS e.max CAD bars were prepared as previously mentioned in group 9. Zirconia and veneer 
bars were joined using special fusing glass-ceramic IPS e.max CAD Crystall/Connect which was 
applied to both bars and evenly distributed using Ivomix vibrator (Ivoclar vivadent, Liechtenstein). 
Then the bars were fitted together with slight pressure and excess fusing glass ceramic was 
removed. Then they were subjected to crystallization firing using Programat EP5000 furnace 
(Ivoclar vivadent, Liechtenstein) and glazed simultaneously using IPS e.max CAD Crystall glaze 
paste (Ivoclar vivadent, Liechtenstein) (Table 12).  
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Table 10: Fusing/Crystallization firing for Vita Triluxe Forte 
Steps Stand-
by 
temp 
°C 
Heating 
rate 
°C/min 
Firing 
temp. 
°C 
Holding 
time 
min. 
Heating 
rate 
°C/min 
Firing 
temp 
°C 
Holding 
time 
min. 
Vacu
um 1 
°C 
Vacuu
m 2 
°C 
Long 
term 
cooling 
Fusing/ 
Crystallization 
403 60 820 2.00 30 840 7.00 550-
1022 
820-
1508 
700 
 
Table 11: Glaze firing steps for Vita Triluxe Forte  
Drying 
temp.  
°C 
Drying 
time 
min. 
Rising 
time 
min. 
Rising 
rate 
°C/min 
Final 
temp  
°C 
Holding 
time 
min. 
Cooling 
temp.  
°C 
Vacuum 
min. 
500 4.00 5.15 80 920 1.00 - - 
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Table 12: Fusing/Crystallization firing for IPS e.max CAD and glaze firing steps 
Steps Stand-
by 
temp 
°C 
Heating 
rate 
°C/min 
Firing 
temp. 
°C 
Holding 
time 
min. 
Heating 
rate 
°C/min 
Firing 
temp 
°C 
Holding 
time 
min. 
Vacu
um 1 
°C 
Vacuu
m 2 
°C 
Long 
term 
cooling 
Fusing/ 
Crystallization 
403 60 820 2.00 30 840 7.00 550-
1022 
820-
1508 
700 
Glaze firing 403 60 820 0.10 30 840 3.00 550-
1022 
820-
1508 
600 
 
Three-point flexural test 
The specimens were stored in 37°C deionized water for 24 hours before testing begins. A 
three-point flexural test was conducted on the specimens using Instron 5566A Universal Testing 
Frame (Intron, Norwood, Massachusetts) with 1kN load cell. 
Ten specimens from each group were positioned on the flexture and centered under the 
loading apparatus with perpendicular alignments and zirconia under tension-side. Three-point 
bending test was conducted on a 15mm span, using Intron universal mechanical tester 5566A at a 
crosshead speed of 0.5mm/min. Each specimen is loaded with the force until the failure of the 
specimen occurs. The controlling software calculates the maximum load and maximum extension. 
Fractured pieces of the specimen are retrieved and stored for future uses. The data was recorded 
as failure load in Newton unit. The results were reported as mean and standard deviations for all 
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groups tested. The fracture patterns were also observed and marked as catastrophic failure and 
veneer delamination/chipping.  
 
                
Figure 13 and 14 three-point bending test of bilayered specimen 
 
Aging 
A total of ten rectangular specimens for groups 1,3,6,8,10,12 were prepared as mentioned 
previously. They were subjected to simulated aging protocol including cyclic loading and thermal 
cyclic. The samples were subjected to 100,000 cycled cyclic loads at 1Hz using 50% load of the 
failure load data from the control (non-aged) groups. All the specimens were then subjected to the 
same temperature changes for the same time period by repetitive immersion into cold 5°C and 
subsequently hot 55°C water baths for 2000 cycles.  
After simulated aging, the specimens were subsequently subjected to the three-point 
bending test as mentioned previously.  
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Scanning Electron Microscope (SEM) 
Sectioned samples were glued on aluminum stubs (SPI supplies, West Chester, PA), then 
sides of specimens were silver painted and allowed to dry for 24 hours. The specimens then were 
sputter coated with gold/palladium using sputter coater (Hummer II Technics, Alexandria, VA). 
The sectioned specimens were viewed under scanning electron microscope SEM (Phillips 
Electronics, Eindhoven, NL) with acceleration voltage of 15 kV. 
 
Statistical Analysis 
 Mean, standard deviation, and coefficient of variation for each group were calculated using 
Excel software 2010 for Windows. The Statistical Package for the Social Science Version 23 (IBM 
SPSS Statistics, New York, USA) and JMP Statistical Discovery from SAS software (SAS 
Campus Drive. Cary, NC, USA) were used for statistical analysis. 
 The failure load was analyzed with one-way ANOVA, followed by a post hoc Tukey test. 
Two sample Student’s t-test were done to evaluate the effect of simulated aging on the failure load 
of each veneering techniques. Two-way ANOVA were done to evaluate the effect of veneering 
materials, veneering techniques, and cement for cemented milled ceramics groups. A significance 
level of 0.05 was used. 
 
 
Figure 15 Scanning Electron Microscope 
37 
 
Results 
The mean failure load ± standard deviation values for each group before simulated aging 
was as follows: group1 396.50N ± 34.42, group2 310.66 ± 52.93, group3 416.14N ± 64.55, 
group4 312.77N ± 94.63, group5 255.20N ± 45.32, group6 431.12N ± 79.06, group7 435.22N ± 
80.44, group8 399.64N ± 96.17, group9 325.89N ± 61.55, group10 505.73N ± 98.57, group11 
513.54N ± 90.41, group12 583.67N ± 94.43. There was a significant difference of failure load of 
different groups (p < 0.05). Post-Hoc Tukey (Table X), levels not connected by the same letter 
were significantly different.  
Two-way ANOVA test showed that the effect of veneering materials and veneering 
techniques had a statistically significant effect on the failure load of veneered zirconia (p < 0.05). 
When considering only cemented CAD/CAM veneering, two-way ANOVA showed the effect of 
veneering materials and cements on the failure load (p < 0.05). Post-hoc test showed that 
bilayered specimens cemented with Panavia 21 cement had significantly lower failure load than 
those cemented with Multilink Automix and RelyX Ultimate (p < 0.05). The null hypotheses that 
different veneering techniques, veneering materials and cements have no effect on the failure 
load of bilayered veneer-zirconia were rejected. 
The summary of failure modes was showed in table X. The ratio between catastrophic 
failure and porcelain chipping/delamination was as follows: group1 0.9, group2 0.8, group3 1.0, 
group4 0.5, group5 0.3, group6 0.4, group7 0.5, group8 0.5, group9 0.1, group10 0.7, group11 
0.3, group12 1.0. Hand-layered and press-on ceramics failed predominantly catastrophically 
except IPS e.max ZirPress. For CAD/CAM milled veneer, fused e.max CAD failed exclusively 
catastrophically while cemented e.max CAD with Panavia 21 failed mostly with porcelain 
chipping/delamination. The rest of CAD/CAM milled veneer failed relatively equal between 
catastrophic failure and porcelain chipping/delamination. 
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The mean failure load ± standard deviation values for each group after simulated aging was 
as follows: group1 328.60N ± 50.16, group3 352.48N ± 68.67, group5 456.30N ± 75.24, group8 
391.43N ± 55.21, group9 508.90N ± 133.76, group12 565.94N ± 77.53. The specimens veneered 
with hand-layered and pressed veneer had significant lower failure load after the accelerated aging 
process (p < 0.05), while the failure load of all the specimens veneered with CAD/CAM milled 
veneer remain no different after aging (p > 0.05). 
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Table 13: Failure load of bilayered veneer-zirconia after 24h in water (N=10) 
Veneering 
Technique 
Materials Interface Failure Load(N) ± 
Standard Deviation 
Coefficient of 
Variation 
 
Hand-
Layering 
Vita In-Ceram YZ + 
Vita VM9 
- 396.50 ± 34.42 8.6 
IPS e.max ZirCAD + 
IPS e.max Ceram 
- 310.66 ± 52.93 16.7 
 
  
Pressing 
  
Vita In-Ceram YZ + 
Vita PM9 
- 416.14 ± 64.55 15.5 
IPS e.max ZirCAD + 
IPS e.max ZirPress 
- 312.77 ± 94.63 30.2 
  
 
 
 
 
 
CAD/CAM 
  
  
  
  
  
  
  
  
Vita In-Ceram YZ + 
Vita Triluxe Forte 
  
Panavia 21 255.20 ± 45.32 17.7 
RelyX Ultimate 431.12 ± 79.06 18.3 
Multilink 
Automix 
435.22 ± 80.44 18.4 
IPS e.max CAD 
Crystall./Connect 
399.64 ± 96.17 24.0 
  
IPS e.max ZirCAD + 
IPS e.max CAD 
  
  
  
Panavia 21 325.89 ± 61.55 18.8 
RelyX Ultimate 505.73 ± 98.57 19.4 
Multilink 
Automix 
513.54 ± 90.41 17.6 
IPS e.max CAD 
Crystall./Connect 
583.67 ± 94.43 
  
16.1 
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Figure 16: Failure load of bilayered veneered zirconia after 24h in water 
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Table 14: One-way ANOVA test, failure load of bilayered veneer-zirconia after 24h in water 
 
Source DF Sum of 
Squares 
Mean 
Square 
F Ratio Prob > F 
Group 11 1044224.9 94929.5 15.6236 <.0001* 
Error 108 656213.7 6076.1 
C. Total 119 1700438.7 
 
Table 15: Post-Hoc Tukey HSD test, failure load of bilayered veneer-zirconia after 24h in 
water 
 
Level  Mean 
CAD + Crystal/Connect A 583.67152 
CAD + Multilink AB 513.54470 
CAD + RelyX ABC 505.73430 
TF + Multilink   BC 466.92481 
TF + RelyX   BCD 431.12167 
PM9   BCDE 416.13674 
TF + Crystal/Connect   BCDE 399.64584 
VM9     CDE 396.50460 
CAD + Panavia       DEF 325.88800 
ZirPress          EF 312.76900 
Ceram          EF 310.65900 
TF + Panavia            F 255.19800 
 
Levels not connected by same letter are significantly different. 
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Figure 17: Rearrange data of Failure load of bilayered veneered zirconia after 24h in water 
 
 
 
Horizontal lines connect groups that are not significantly different. (p ≤ 0.05) 
 
 
 
0
100
200
300
400
500
600
700
Fa
ilu
re
 Lo
ad
 (N
)
43 
 
Table 16: Two-way ANOVA comparing failure load of bilayered specimens between 
different veneering techniques, veneering materials 
 
Tests of Between-Subjects Effects 
Dependent Variable:   FailureLoad   
Source 
Type III Sum 
of Squares df Mean Square F Sig. 
Corrected Model 580575.253a 7 82939.322 8.557 .000 
Intercept 14539757.320 1 14539757.320 1500.015 .000 
VeneeringTech 97300.609 1 97300.609 10.038 .002 
VeneeringMaterial 340984.195 3 113661.398 11.726 .000 
VeneeringTech * 
VeneeringMaterial 
44950.987 1 44950.987 4.637 .033 
Error 1085624.666 112 9693.077   
Total 21561162.667 120    
Corrected Total 1666199.919 119    
a. R Squared = .348 (Adjusted R Squared = .308) 
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Table 17: Two-way ANOVA comparing failure load of CAD/CAM cemented bilayered 
specimens between different veneering materials, and cements 
Tests of Between-Subjects Effects 
Dependent Variable:   FailureLoad   
Source 
Type III Sum 
of Squares df Mean Square F Sig. 
Corrected Model 519999.567a 5 103999.913 16.941 .000 
Intercept 10141109.168 1 10141109.168 1651.975 .000 
VeneeringMaterial 83345.050 1 83345.050 13.577 .001 
Cement 436508.940 2 218254.470 35.553 .000 
VeneeringMaterial * 
Cement 
145.576 2 72.788 .012 .988 
Error 331494.047 54 6138.779   
Total 10992602.782 60    
Corrected Total 851493.614 59    
a. R Squared = .611 (Adjusted R Squared = .575) 
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Table 18: Post-Hoc Tukey test comparing failure load of CAD/CAM cemented bilayered 
specimens between cements 
 
Multiple Comparisons 
Dependent Variable:   FailureLoad   
Tukey HSD   
(I) 
Cement (J) Cement 
Mean 
Difference 
(I-J) 
Std. 
Error Sig. 
95% Confidence Interval 
Lower 
Bound 
Upper 
Bound 
Multilink Panavia21 183.8418* 24.77656 .000 124.1306 243.5529 
RelyX U 5.9568 24.77656 .969 -53.7543 65.6679 
Panavia21 Multilink -183.8418* 24.77656 .000 -243.5529 -124.1306 
RelyX U -177.8850* 24.77656 .000 -237.5961 -118.1739 
RelyX U Multilink -5.9568 24.77656 .969 -65.6679 53.7543 
Panavia21 177.8850* 24.77656 .000 118.1739 237.5961 
Based on observed means. 
 The error term is Mean Square(Error) = 6138.779. 
*. The mean difference is significant at the 0.05 level. 
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Table 19: Summary of different modes of failure 
Veneering 
technique 
 
Material 
Failure mode (N) 
Catastrophic failure Porcelain chipping/ 
delamination 
 
Hand-
Layered 
In-Ceram YZ + VM9 9 1 
e.max ZirCAD + Ceram 8 2 
 
Pressed 
In-Ceram YZ + PM9 10 0 
e.max ZirCAD + ZirPress 5 5 
 
 
 
 
 
 
 
 
CAD/CAM 
  
  
  
  
  
  
  
In-Ceram YZ + Triluxe Forte 
(Panavia 21) 
3 7 
In-Ceram YZ + Triluxe Forte 
(Multilink Automix) 
4 6 
In-Ceram YZ + Triluxe Forte 
(RelyX Ultimate) 
5 5 
In-Ceram YZ + Triluxe Forte 
(e.max CAD Crystall./Connect) 
5 5 
e.max ZirCAD + e.max CAD 
(Panavia 21) 
1 9 
e.max ZirCAD + e.max CAD 
(Multilink Automix) 
7 3 
e.max ZirCAD + e.max CAD 
(RelyX Ultimate) 
3 7 
e.max ZirCAD + e.max CAD 
(e.max CAD Crystall./Connect) 
10 0 
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Table 20: Failure load of bilayered veneer-zirconia after simulated aging (N=10) 
Veneering 
Technique 
Materials Interface Failure Load(N) ± 
Standard Deviation 
Coefficient of 
Variation 
Hand-
Layering 
Vita In-Ceram YZ + 
Vita VM9 
- 328.60 ± 50.16 15.2 
 Pressing Vita In-Ceram YZ + 
Vita PM9 
- 352.48 ± 68.67 19.4 
  
 
 
 
CAD/CAM 
  
  
Vita In-Ceram YZ + 
Vita Triluxe Forte 
  
Multilink 
Automix 
456.30 ± 75.24 16.4 
IPS e.max CAD 
Crystall./Connect 
391.43 ± 55.21 14.1 
  
IPS e.max ZirCAD + 
IPS e.max CAD 
Multilink 
Automix 
508.90 ± 133.76 26.2 
IPS e.max CAD 
Crystall./Connect 
565.94 ± 77.53 13.6 
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Figure 18: Failure load of bilayered veneer-zirconia before and after simulated aging 
 
 
 
 
 
 
 
0
100
200
300
400
500
600
700
Fa
ilu
re
 Lo
ad
 (N
)
Control Aged
49 
 
Table 21: t Test, Comparison between failure load of Vita In-Ceram YZ veneered with Vita 
VM9 before and after simulated aging 
 
Difference 48.0146 t Ratio 3.193551 
Std Err Dif 15.0349 DF 17.95782 
Upper CL Dif 79.6070 Prob > |t| 0.0050* 
Lower CL Dif 16.4222 Prob > t 0.0025* 
Confidence 0.95 Prob < t 0.9975 
 
Table 22: t Test, Comparison between failure load of Vita In-Ceram YZ veneered with Vita 
PM9 before and after simulated aging 
 
Difference 63.655 t Ratio 2.13595 
Std Err Dif 29.802 DF 17.9315 
Upper CL Dif 126.283 Prob > |t| 0.0467* 
Lower CL Dif 1.027 Prob > t 0.0234* 
Confidence 0.95 Prob < t 0.9766 
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Table 23: t Test, Comparison between failure load of Vita In-Ceram YZ cemented with 
Vita Triluxe Forte by Multilink Automix before and after simulated aging 
 
Difference -21.071 t Ratio -0.60496 
Std Err Dif 34.830 DF 17.9201 
Upper CL Dif 52.128 Prob > |t| 0.5528 
Lower CL Dif -94.271 Prob > t 0.7236 
Confidence 0.95 Prob < t 0.2764 
 
 
Table 24: t Test, Comparison between failure load of Vita In-Ceram YZ fused with Vita 
Triluxe Forte by IPS e.max CAD Crystall./Connect before and after simulated aging 
 
Difference 8.207 t Ratio 0.234023 
Std Err Dif 35.068 DF 14.35124 
Upper CL Dif 83.249 Prob > |t| 0.8183 
Lower CL Dif -66.835 Prob > t 0.4091 
Confidence 0.95 Prob < t 0.5909 
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Table 25: t Test, Comparison between failure load of IPS e.max ZirCAD cemented with 
IPS e.max CAD by Multilink Automix before and after simulated aging 
 
Difference 4.64 t Ratio 0.090976 
Std Err Dif 51.05 DF 15.80416 
Upper CL Dif 112.98 Prob > |t| 0.9287 
Lower CL Dif -103.69 Prob > t 0.4643 
Confidence 0.95 Prob < t 0.5357 
 
 
Table 26: t Test, Comparison between failure load of IPS e.max ZirCAD fused with IPS 
e.max CAD by IPS e.max CAD Crystall./Connect before and after simulated aging 
 
Difference 17.734 t Ratio 0.45898 
Std Err Dif 38.637 DF 17.34225 
Upper CL Dif 99/128 Prob > |t| 0.6519 
Lower CL Dif -63.661 Prob > t 0.3260 
Confidence 0.95 Prob < t 0.6740 
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Scanning Electron Microscope Evaluation of veneered zirconia specimens 
Field Emission Scanning Electron Microscopy (FESEM) of the selected specimens were 
evaluated. Hand-layered and pressed-on veneer exhibit more voids and porosity inside the 
veneering part of the specimen. All specimens showed good adaptation between veneering 
material-interface material (if any)-zirconia with no distinct gap. Cemented specimens had 
several voids within the resin cement layers. 
 
 
 
 
 
Figure 19 SEM micrograph of Vita In-Ceram YZ veneered with Vita VM9 porcelain at 300X 
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Figure 20 SEM micrograph of Vita In-Ceram YZ veneered with Vita VM9 porcelain at 1500X 
 
Figure 21 SEM micrograph of IPS e.max ZirCAD veneered with IPS e.max ZirPress porcelain at 300X 
 
54 
 
 
Figure 22 SEM micrograph of IPS e.max ZirCAD veneered with IPS e.max ZirPress porcelain at 1500X 
 
Figure 23 SEM micrograph of Vita In-Ceram YZ  
cemented with Vita Triluxe Forte by Multilink Automix at 300X 
 
55 
 
 
Figure 24 SEM micrograph of Vita In-Ceram YZ  
cemented with Vita Triluxe Forte by Multilink Automix at 1500X 
 
Figure 25 SEM micrograph of Vita In-Ceram YZ  
cemented with Vita Triluxe Forte by RelyX Ultimate at 300X 
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Figure 26 SEM micrograph of Vita In-Ceram YZ  
cemented with Vita Triluxe Forte by RelyX Ultimate at 1500X 
 
Figure 27 SEM micrograph of Vita In-Ceram YZ  
cemented with Vita Triluxe Forte by Panavia 21 at 300X 
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Figure 28 SEM micrograph of Vita In-Ceram YZ  
cemented with Vita Triluxe Forte by Panavia 21 at 1500X 
 
Figure 29 SEM micrograph of IPS e.max ZirCAD  
cemented with IPS e.max CAD by Multilink Automix at 300X 
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Figure 30 SEM micrograph of IPS e.max ZirCAD  
cemented with IPS e.max CAD by Multilink Automix at 1500X 
 
Figure 31 SEM micrograph of IPS e.max ZirCAD  
cemented with IPS e.max CAD by RelyX Ultimate at 300X 
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Figure 32 SEM micrograph of IPS e.max ZirCAD  
cemented with IPS e.max CAD by RelyX Ultimate at 1500X 
 
Figure 33 SEM micrograph of IPS e.max ZirCAD fused with IPS e.max CAD at 300X 
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Figure 34 SEM micrograph of IPS e.max ZirCAD fused with IPS e.max CAD at 1500X 
 
 
Discussion 
Strength of dental ceramic can be influenced by many factors such as size, numbers and 
distribution of flaws, thickness of the core, presence of the veneering material in the system, 
loading conditions, etc., and is usually measured in flexure (bending) because this test is generally 
easier to perform than a pure tensile test. In bending test, tensile stress reaches a maximum on one 
surface and compressive stress reaches the maximum on the opposite side. 
In dental applications, ceramic copings are usually covered with an esthetic layer of 
feldspathic porcelain. Such a combination forms a layered structure with different elastic moduli 
and thermal expansion coefficients. It is thus important to evaluate the failure stresses of such 
materials as layered composites. In this experiment, bilayered bar-shape specimens were used. 
This allowed the study to be reproducible and also easier to standardize the specimens. Another 
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advantage is that bar-shape specimens required less materials. For example, one standard size 
(14mmx14mm) CAD/CAM block can be sectioned into 9 to 12 bars.  
Zirconia bar was put on tension side in three-point bending test to replicate the real clinical 
situation where the zirconia framework is on tension side of porcelain fused to zirconia fixed dental 
prosthesis.  
There was no statistically significant difference between the failure load of bilayered hand-
layered veneered and pressed veneered-zirconia, which was the same as other studies. The flexural 
strength of both hand-layered and press-on porcelain, which are around 70-90 MPa (37, 38), are 
relatively low compared to CAD/CAM milled ceramics. The hand layering technique is a very 
technique sensitive method and require many factors such as mixing quality of porcelain-liquid, 
dental technician experience, cooling parameter, and ceramic shrinkage. The press-on technique 
minimize the firing shrinkage and good marginal adaptation (39). However, air-abrasion during 
divesting might cause damage to the ceramics. Others have reported that divesting procedure of 
pressed-on ceramics involves immersion in hydrofluoric acid solution and sandblasting, to remove 
the reaction layer, which significantly increases the surface roughness of the ceramics. These 
imperfections on the outer surface of ceramics are prone to crack formation and propagation(40). 
CAD/CAM milled veneer enables the use of stronger veneering materials and to achieve 
high quality standards through prefabricated ceramic blocks manufactured by industrial pressing 
without any porosities (41, 42). CAD/CAM framework and CAD/CAM veneer are joined by either 
resin cement or low-fusing ceramic material. Results from this study showed that there are 
differences in the failure load between bilayered bars with different resin cement. These indicated 
that cement materials might play a significant role to determine the failure load of the bilayered 
system. The flexural strength of the interface materials and the bond strength between the interface 
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materials and ceramic are the two properties that might be related to the failure load of the 
bilayered system. Low failure load of the bilayered bars cemented with Panavia 21 might be 
explained by the absence of zirconia primer of this system, thereby lower the bond strength of the 
resin cement and zirconia. 
The failure load of bilayered bars cemented with Multilink Automix, RelyX Ultimate, and 
fused with fusion glass-ceramic were relatively similar to each other. These might be explained by 
the low modulus of elasticity of Vita Triluxe Forte. Since the veneer material is flexible, the stress 
generated within the bilayered bars can be better distributed, thereby lessen the effect of the bond 
strength once the bond strength is adequate. 
The zirconia bars veneered with IPS e.max CAD have generally high failure load compared 
to other combination of zirconia and veneer materials. One of the reasons is the flexural strength 
of the veneer material itself, which is about 3-4 times higher compared with the others. IPS e.max 
CAD and IPS e.max ZirCAD fused by fusion glass-ceramic possessed highest failure load. These 
can be explained as an effect of the high flexural strength of lithium disilicate veneer (360 MPa) 
combined with high flexural strength (160 MPa) and elastic modulus of the fusing porcelain. Also, 
the fusion glass-ceramic was well-developed for IPS e.max CAD. The Coefficient of thermal 
expansion of the fusion glass-ceramic is properly match to that of IPS e.max CAD. The 
crystallization and fusion at the same time allow the fusion glass-ceramic to flow and adhere to 
the IPS e.max CAD better. 
 Specimens veneered with hand-layered Vita VM9 or press-on Vita PM9 showed 
significant reduction of their failure load after simulated aging. This could be due to the inherent 
weakness of the veneering porcelains, processing flaws (voids, inclusion porosities or incomplete 
burn-out of the wax). All of these led to cracks and flaws that can propagate through the 
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veneering ceramic (32, 43). The low thermal diffusivity of the zirconia results in the highest 
temperature difference and very high residual stresses for zirconia veneer specimens, which 
generates high tensile subsurface residual stresses, and may result in unstable cracking or 
chipping (44). CAD/CAM milled veneer, on the other hand, retained same failure load even after 
simulated aging. This could be from the absence of porosities inside the veneering materials 
which minimize the chance of crack propagation to occur. 
 
Limitation of this study 
Although bar specimen can identify important trends and has relevance to more complex 
clinical situations, it does have some disadvantages. It has a much simpler geometry than an 
FPD. It lacks thinner stress-concentrating connectors. It is not supported by flexible dentin, a 
flexible periodontal ligament, or flexible bone. However, the same mechanical principles do 
apply to crowns and FPDs. Also, only one ceramic core/veneering porcelain thickness ratio was 
tested in this study.  
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Conclusion 
Within the limitation of the study, the following conclusions can be drawn; 
- Veneering materials, veneering methods, and interface materials had a significant effect on 
the failure load of bilayered veneer-zirconia. (p ≤ 0.05) 
- Zirconia veneered with IPS e.max CAD by fusing had significantly higher failure load 
compared with zirconia veneered with other veneering materials. (p ≤ 0.05) 
- For cemented veneers, the cement type had a significant effect on the failure load of the 
veneer-zirconia specimens. Specimens cemented with Panavia 21 had a lower resistance 
to loading than other cements. (p ≤ 0.05) 
- CAD/CAM milled veneer-zirconia specimens were not susceptible to aging (cyclic loading 
and thermal cycling) performed in this study. (p ≥ 0.05) 
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Chapter 2  
Effect of glazing on the flexural strength of 
high-translucent zirconia 
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Introduction 
Glazing of porcelain dental restorations is a routine procedure providing esthetic and 
hygienic glass-coated surfaces to the finished restoration (45).  Glazing is a common method 
applied in porcelain oven to smoothen rough surfaces (46). Applied overglaze is a low-fusing 
clear porcelain that is painted on the surface of the restoration and fired at a fusing temperature 
much lower than the fusing temperature of the dentin and enamel porcelain (47). 
Glazing for the purpose of strengthening brittle ceramics can be thought of as the 
production of a surface layer of lower thermal expansion glass which upon cooling serves many 
functions. It places the surface into a compressive state. The thin layer of glass also reduces the 
depth and width of surface flaws and could theoretically strengthen the material (48). Glazed 
surface causes less plaque accumulation. In addition, glazed porcelain can imitate the gloss and 
characterization of the natural tooth (49). It decreases the exposure of the dental restoration to 
oral cavity and provides the necessary smoothness(46).  
However, many studies showed that glazing does not increase the flexural strength (45, 
48, 50). It was also shown that auto-glazing did not cause a difference in the flexural strength of 
porcelain specimens (45, 48, 50). Although glazing reduces the wear of opposing enamel, it was 
found that glazing caused cracks in the porcelain and thus decreased the flexural strength (48). 
Yener et al (51) compared biaxial flexural strength of three different brands of zirconia 
(ZirkonZahn, Cercon, Ceramill) with and without glazing. The result showed that glazing 
decreased the flexural strength results significantly for all systems. 
 Monolithic yttrium oxide stabilized tetragonal zirconia polycrystals (Y-TZP) restorations 
have become popular. The introduction of high translucent Y-TZP enables the esthetics to be 
sufficiently improved. The high translucency of Y-TZP was achievable by decrease alumina 
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content (52), which is normally incorporated into zirconia materials in order to increase their 
aging stability yet causes light scattering due to different refractive index than zirconia. 
Reduction or elimination of alumina content in zirconia materials makes them vulnerable to 
problems with aging stability (53). 
Data regarding the effect of glazing on the mechanical properties of these materials is still 
missing. The study examines the flexural strength of 3 different brands of translucent zirconia 
with different surface treatments.  
 
Objectives 
The purpose of this study was to evaluate the effect of glazing on flexural strength of 
high translucent zirconia materials. 
 
Null hypothesis 
Surface treatment has no significant effect on the flexural strength of high translucent 
zirconia materials. 
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Materials and Methods 
Three different brands of zirconia and two different glaze materials were used in this study. Table 
27 shows the information of the materials. 
 
Table 27: Materials used in this study 
 
Material Brand Name Composition wt% 
Zirconia inCoris TZI 
(Sirona, Germany) 
Pre-sintered yttria-stabilized zirconium oxide 
ZrO2+HfO2+Y2O3 ≥ 99.0%, Y2O3 4.5 - 6.0%, HfO2 
≤ 5%, Al2O3 ≤ 0.5%, Other oxides ≤ 0.5% 
Prettau Zirconia 
(Zirkonzahn, Germany) 
Pre-sintered yttria-stabilized zirconium oxide 
No data provided on composition 
Zirlux FC 
(Pentron ceramic, 
California) 
Pre-sintered yttria-stabilized zirconium oxide 
No data provided on composition 
Glaze Zirkonzahn glaze paste 
+ liquid 
Low fusing clear porcelain 
No data provided on composition 
Zirlux FC glaze paste + 
liquid 
Low fusing clear porcelain 
No data provided on composition 
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Zirconia Preparation 
A total of ten rectangular specimens of zirconia for each group were prepared with dimension 
of 2.5mmx5mmx25mm using a 15LC diamond-wafering blade mounted on an Isomet 2000 
Precision Saw (Buehler, Lake Bluff, Illinois). The cuts were made at 800rpm with 300gram of 
load with cooling provided by a dual-nozzle water irrigation system. Specimen dimensions were 
verified after sectioning using Mitutoyo absolute IP-67 digital Vernier caliper (Mitutoyo, 
Kawasaki, Japan). 
The specimen was polished using a Buehler Ecomet 250 Grinder Polisher (Buehler, Lake 
Bluff, Illinois). The polishing was done with 15-micro-grit diamond polishing pad at 30 rpm with 
water irrigation for 90 seconds for each side, and then thoroughly rinsed. 
The specimens were aired dry at room temperature for at least 24 hours to minimize the 
possibility of having water entrapped in the zirconia structure. The sectioned bars were sintered 
with the sintering parameter as in table 28. 
 
Material Entry temperature 
°C 
Rising temperature 
rate °C 
Final temperature °C Holding time 
minutes 
inCoris TZI Room temperature 25 1530 120 
Prettau Zirconia Room temperature 10 1600 120 
Zirlux FC Room temperature 10 1500 120 
 
Table 28. Firing parameter for zirconia sintering  
 
After sintering, the specimen was polished again using a Buehler Ecomet 250 Grinder 
Polisher (Buehler, Lake Bluff, Illinois). The polishing was done with 15-micro-grit diamond 
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polishing pad followed by and 6um polycrystalline diamond suspension with polishing pad 
respectively at 30 rpm with water irrigation for 90 seconds for each side, and then thoroughly 
rinsed. The dimension of the bars after being sintered and polished was approximately 20mmx 
4mmx2mm. 
 
Surface treatment 
Specimens were divided into different groups according to surface treatments including 
no treatment, self-glazed firing, glazing 
 
Self-glazed firing 
 Zirconia specimens were air-dried and were placed on firing tray. They were subjected to 
fire with the following glaze cycle without glaze materials. The firing parameters is showed in 
table 29. 
Brand Idle 
temp. °C 
Dry time 
sec 
End temp.  
°C 
Holding time 
min 
Heat rate 
°C/min 
Vacuum Tray 
open °C 
Prettau 
Zirconia 
350 5 820 2 55 +  
inCoris TZI 350 5 820 2 55 +  
Zirlux FC  360 1000 0 55 + 480 
 
Table 29: Firing steps for self-glazed firing 
Glazing 
Zirconia specimens were air-dried. The overglaze pastes were mixed with glaze liquids and 
applied in a thin coat on the entire surfaces of zirconia bars using a ceramic brush. For Prettau 
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Zirconia and inCoris TZI specimens, Zirkonzahn glaze paste and Zirkonzahn ICE stain liquid were 
used, and for Zirlux FC specimens, Zirlux FC glaze paste + Universal liquid were used. The 
specimens were then placed on firing tray. Glaze firing was done according to manufacturers’ 
instructions (Table 30). 
Glaze 
materials 
Idle 
temp. °C 
Dry time 
sec 
End 
temp. °C 
Holding time 
min 
Heat rate 
°C/min 
Vacuum Tray 
open °C 
Prettau 
Zirconia glaze 
350 5 820 2 55 + - 
Zirlux FC 
glaze 
- 6 1000 0 55 + 480 
 
Table 30: Firing steps for glazed firing 
Three-point flexural test 
The specimens were stored in 37°C deionized water for 24 hours before testing begins. A 
three-point flexural test was conducted on the specimens using Instron 5566A Universal Testing 
Frame (Intron, Norwood, Massachusetts) with 1kN load cell. 
Ten specimens from each group were positioned on the flexture and centered under the 
loading apparatus with perpendicular alignments and subjected to three-point bending test on a 
15mm span, using Intron universal mechanical tester 5566A at a crosshead speed of 0.5mm/min. 
Each specimen is loaded with the force until the failure of the specimen occurs. The controlling 
software calculates the maximum load and maximum extension. Fractured pieces of the specimen 
are retrieved and stored for future uses. The data was recorded as failure load in Newton unit. 
Failure load data was then calculated into flexural strength data with the following formula; 
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 F is the failure load (force) at the fracture point (N) 
 L is the length of the support span 
 b is width 
 d is thickness 
Statistical Analysis 
Statistical analysis was performed using SPSS System 23 for Windows. The means of each 
group were analyzed by two-way ANOVA, with flexural strength as the dependent variable and 
the zirconia systems and surface treatment as the independent factors. P values less than 0.05 were 
considered to be statistically significant in all tests. The pooled data was made by pooling all 
zirconia brands together and multiple comparisons between different surface treatments were made 
by Tukeys HSD test. 
 
 
 
 
 
 
 
 
73 
 
Results 
The flexural strength data with standard deviation obtained from three-point bending test was in 
the following table (Table 31); 
Table 31: Flexural strength of high translucent zirconia with different surface treatments. 
 
Zirconia 
Flexural strength (MPa) ± Standard deviation 
Control Self-glaze fired Glazed 
inCoris TZI 970.17 ± 213.55 1148.86 ± 224.45 800.88 ± 117.12 
Prettau Zirconia 1005.12 ± 180.85 1037.80 ± 82.81 815.00 ± 63.78 
Zirlux FC 1017.36 ± 148.69 911.03 ± 127.67 853.62 ± 98.55 
 
Figure 35: Flexural strength of high translucent zirconia with different surface treatments. 
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Table 32: Pooled data of mean flexural strength of high translucent zirconia materials with 
different surface treatment 
Surface treatment Flexural strength (MPa) ± standard deviation 
Control (no treatment) 977.55 ± 182.95 
Self-glaze fired 1032.56 ± 156.55 
Glazed 823.16 ± 95.75 
 
Figure 36: Pooled data of mean flexural strength of high translucent zirconia materials 
with different surface treatment 
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Table 33: Two-way ANOVA statistic comparing flexural strength of zirconia between 
different brands and different surface treatments 
 
Tests of Between-Subjects Effects 
Dependent Variable:   FlexuralSTR   
Source 
Type III Sum 
of Squares df Mean Square F Sig. 
Corrected Model 1064974.443a 8 133121.805 5.947 .000 
Intercept 81412219.759 1 81412219.759 3637.216 .000 
Zirconia 31796.717 2 15898.358 .710 .495 
SurfaceTx 754840.968 2 377420.484 16.862 .000 
Zirconia * 
SurfaceTx 
278336.759 4 69584.190 3.109 .020 
Error 1813032.212 81 22383.114   
Total 84290226.414 90    
Corrected Total 2878006.655 89    
a. R Squared = .370 (Adjusted R Squared = .308) 
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Table 34: Tukey Post-hoc test of flexural strength of zirconia with different surface 
treatments 
Multiple Comparisons 
Dependent Variable:   FlexuralSTR   
Tukey HSD   
(I) 
SurfaceTx 
(J) 
SurfaceTx 
Mean 
Difference 
(I-J) 
Std. 
Error Sig. 
95% Confidence Interval 
Lower 
Bound 
Upper 
Bound 
glaze no treatment -174.3840* 38.62910 .000 -266.6128 -82.1552 
Self-glaze 
fire 
-209.3997* 38.62910 .000 -301.6285 -117.1709 
no treatment glaze 174.3840* 38.62910 .000 82.1552 266.6128 
Self-glaze 
fire 
-35.0157 38.62910 .638 -127.2445 57.2131 
Self-glaze 
fire 
glaze 209.3997* 38.62910 .000 117.1709 301.6285 
no treatment 35.0157 38.62910 .638 -57.2131 127.2445 
Based on observed means. 
 The error term is Mean Square(Error) = 22383.114. 
*. The mean difference is significant at the 0.05 level. 
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Table 35: Tukey Post-hoc test of flexural strength of zirconia with different brands 
Multiple Comparisons 
Dependent Variable:   FlexuralSTR   
Tukey HSD   
(I) 
SurfaceTx (J) SurfaceTx 
Mean 
Difference 
(I-J) 
Std. 
Error Sig. 
95% Confidence Interval 
Lower 
Bound 
Upper 
Bound 
glaze no treatment -174.3840* 38.62910 .000 -266.6128 -82.1552 
Self-glaze fire -209.3997* 38.62910 .000 -301.6285 -117.1709 
no treatment glaze 174.3840* 38.62910 .000 82.1552 266.6128 
Self-glaze fire -35.0157 38.62910 .638 -127.2445 57.2131 
Self-glaze 
fire 
glaze 209.3997* 38.62910 .000 117.1709 301.6285 
no treatment 35.0157 38.62910 .638 -57.2131 127.2445 
Based on observed means. 
 The error term is Mean Square(Error) = 22383.114. 
*. The mean difference is significant at the 0.05 level. 
 
The results of two-way ANOVA showed significant influence of surface treatments on 
flexural strength (p<0.05). Tukey HSD post-hoc test showed that glazed group had significant 
lower flexural strength than control and self-glaze fired groups (p<0.05). There was no 
significant different in flexural strength between control and self-glaze fired groups (p>0.05). 
There was no significant influence of zirconia brands tested in this study on flexural strength 
(p>0.05). 
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Discussion 
Glazing after grinding is believed to increase the strength because it decreases the depth of 
the cracks on the surface (48). However, the strengthening effect of glazing on porcelain is not 
clear (48, 54) 
In our study, to investigate the effect of glaze on the flexural strength of three different high 
translucent zirconia systems, Prettau Zirconia, inCoris TZI, Zirlux FC were used. Glazes were 
applied according to the manufacturer’s recommendations for each system. It was reported that 
0.05 mm thickness of glaze is enough to prolong its integrity (13). Therefore, 0.05 mm thickness 
of glaze was applied to each surface (a total of 0.1 mm) of the bar-shaped specimens. 
The statistical analysis showed that glazing decreased the flexural strength of the high 
translucent zirconia tested. This finding was supported by another study (51) which found that 
glazing decreased the biaxial flexural strength of ZirkonZahn, Cercon, and Ceramill zirconia.  
The study on self-glazed groups was conducted to determine whether glaze firing cycle has 
an effect on flexural strength of zirconia. We found that there is no significant reduction in the 
flexural strength of zirconia after firing with glazing cycle without glazing materials. The only 
difference between this group and glazed group was the absence of glaze materials (mixture of 
glaze powder and liquid). Therefore, the strength reduction in glazed zirconia found in this study 
might be due to the glazing. 
Residual stresses played an important role in determining the strength of ceramic materials. 
In case of tensile residual stress, preexisting stress will amplify the applied cycling stress and 
induce cracks in the region that has preexisting tensile stress. Compressive global residual 
stresses within the ceramic surface somehow can strengthen the material; however, excessive 
compressive residual stresses can cause lateral cracks to grow and propagate to the surface, 
79 
 
which will eventually cause failure of the material. According to Swain (44), residual stresses 
can be introduced during the firing process due to thermal expansion mismatch and tempering 
stresses associated with temperature gradients during cooling. 
Due to the meta-stability of tetragonal zirconia, stress-generating surface treatments such as 
grinding or sandblasting are also capable to trigger the t -> m transformation with the associated 
volume increase (55). In this study, we polished all zirconia bars before doing any surface 
treatment. Therefore, we expected that there would be some t -> m transformation occurred 
during this procedure. CTE of tetragonal zirconia is approximately 10.5 x 10-6 · K-1, while CTE 
of monoclinic zirconia is only 7.5 x 10-6 · K-1. Therefore, the CTE of polished zirconia might 
depend on the degree of phase transformation occurred by polishing. CTE of porcelain was also 
believed to be changed during firing. Since glaze materials consist of porcelain powder (~60%), 
the CTE change in porcelain might happen to glaze materials during porcelain firing. 
Tempering stresses associated with temperature gradients during cooling was also reported to 
cause residual stress on ceramic. The poor thermal conductivity of porcelain and zirconia, which 
is much lower than that of metal-alloys, combined with the poor thermal diffusivity (56) results 
in a high temperature difference through the specimens resulting in high residual tempering 
stresses and thermal gradient. 
High translucent zirconia materials used in this study have some composition difference from 
conventional zirconia that was designed for coping or FPD framework. The most notable one is 
the reduction or absence of alumina, which is reported to have significant role in phase 
stabilization. The effect of residual stresses to mechanical properties of high translucent zirconia 
can be more than that of conventional zirconia.  
 
80 
 
Limitation of this study 
Crown geometry, as it is commonly understood, impacts the residual stress, in addition to 
the mismatching of CTE; tempering. The scenario of crowns may never be captured in its 
entirety with the use of simple bar models as a result of their multifaceted geometric properties, 
and so additional research could be conducted using crown specimens. 
Conclusion 
Within the limitation of the study, the following conclusion can be drawn; 
- glazing decreased the flexural strength of the high translucent zirconia tested (p < 
0.05). 
- glaze firing without glaze material had no effect on the flexural strength of the high 
translucent zirconia tested (p < 0.05). 
- there was no significant different in the flexural strength of different brands of high 
translucent zirconia tested (p > 0.05). 
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Chapter 3  
In-vitro Repair of Veneered Zirconia Crowns 
with Ceramics vs Resins 
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Introduction 
In order to improve the mechanical properties of dental prostheses, new ceramic 
materials and techniques have been developed and introduced in recent years. All-ceramic 
frameworks for fixed dental prostheses (FDP) can be made from various high-strength ceramic 
materials. Similar to metal-ceramics, the fabrication of zirconia based FDP uses the high strength 
zirconia for the framework and a veneering ceramic as the external layer. However, unlike metal 
ceramic restorations, there are many reports of chipping of the veneering ceramic attached to 
zirconia at varying rates (57-61). 
Replacing a restoration failure is not the best solution with regard to practicality in a 
majority of cases as a result of the treatment time taken, the further trauma to the tooth in 
question, and the replacement cost incurred. Some have suggested the utilization of an intraoral 
repair system using a resin composite. The technique uses a porcelain–resin bonding system to 
bond resin composite to a fractured crown. Studies have been conducted to measure the shear 
bond strength between the porcelain repair systems and framework materials (62-64). These 
studies conclude that the bond strength of these two materials cannot be a permanent solution 
due to the lack of a high bond strength. In addition, the discoloration of resin composite is 
another concern. The staining of polymeric materials by coffee, tea, nicotine, and other 
beverages has been documented in a number of studies (65-67). These substances can lead to 
yellow-brown stains in teeth as well as on the surfaces of the resin composites (68). 
Advances in dentistry have led to use of computer-aided design/computer-aided 
manufacturing (CAD/CAM) systems (69). Because these machinable ceramic restorations are 
made from highly uniform quality crystalline content materials as compared to conventional-
fabricated restorations, the clinical longevity of these restorations have also improved (70). 
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  Resin cements continue to evolve with improved properties. Applications for the resin 
cements include adhesive cementation of indirect restorations made of all-ceramic. With the 
advances in CAD/CAM technology, the combination of resin cements and high-strength ceramic 
materials might be one of the options for repairing of chipping of veneering ceramic. However, 
no studies have been found on the use of this combination as a repair technique. 
The current study investigated various veneer porcelain repair techniques. The purpose is 
to compare load-to-failure of veneered zirconia crowns repaired with different materials. We 
selected conventional resin composite as a control and compared with flowable resin composite 
and two different CAD/CAM ceramic materials. 
 
Objective 
The purpose of this study is to compare load-to-failure of veneered zirconia crowns 
repaired with different materials. 
 
Null hypothesis 
- There are no significant differences between veneered zirconia crowns repaired with 
different materials 
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Materials and methods 
 Chipped porcelain-veneered zirconia specimens were prepared and repaired with 4 
different materials. Table 36 shows materials used in this study. 
 
 Table 36: Materials used in this study 
Material Brand Name Composition wt% 
Zirconia inCoris Zi  
(Sirona, 
Germany) 
ZrO2+HfO2+Y2O3 ≥ 99.0%, Y2O3 > 4.5 - ≤ 6.0%, HfO2 
≤ 5%, Al2O3 ≤ 0.5%, Fe2O3 ≤ 0.3% 
Hand 
layered 
porcelain 
Vita VM9  
(Vita Zahnfabrik, 
Germany) 
Feldspathic porcelain 
SiO2 60-64%, Al2O3 13-15%, K2O 7-10%, Na2O 4-6%, 
TiO2 <0.5%, CeO2 <0.5%, ZrO2 0-1%, CaO 1-2%, B2O3 3-
5%, BaO 1-3%, SnO2 <0.5%, Mg, Fe and P oxides <0.1% 
Resin 
composite 
Tetric EvoCeram 
(Ivoclar Vivadent, 
Liechtenstein) 
Bis-GMA, Urethane dimethacrylate, 
Ethoxylated Bis-EMA 
16.8% 
 
Barium glass filler, 
Ytterbiumtrifluoride, Mixed oxide 
48.5% 
Prepolymers 34.0% 
Additives 0.4% 
Catalysts and Stabilizers 0.3% 
Pigments < 0.1% 
 
G-aenial Evo Flo  
(GC America, 
Georgia) 
No data provided on composition 
85 
 
Milled 
ceramics 
Vitablocs Trilux 
Forte 
(Vita Zahnfabrik, 
Germany) 
Feldspathic porcelain 
SiO2 56-64%, Al2O3 20-23%, K2O 6-8%, Na2O 6-9%, 
TiO2 <0.1%, CaO 0.3-0.6% 
IPS e.max CAD 
(Ivoclar Vivadent, 
Liechtenstein) 
Fusing glass-ceramic 
SiO2 50-65%, Al2O3 8-22%, K2O 4-8%, Na2O 6-11%, ZnO 
1-3%, other oxides 5-17.5%, pigments 0.1-3% 
Luting 
cements 
Multilink 
Automix 
(Ivoclar Vivadent, 
Liechtenstein) 
Adhesive Luting Composite 
Multilink Automix 
 Base Catalyst 
Dimethacrylate and 
HEMA 
30.5 30.2 
Barium glass filler and 
Silica filler 
45.5 45.5 
Ytterbium trifluoride 23 23 
Catalysts and Stabilizers 1 1.3 
Pigments <0.01 - 
 
Multilink Primer A 
Water 85.7%, Initiators 14.3% 
 
Multilink Primer B 
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Phosphoric Acid acrylate 48.1%, Hydroxyethyl 
methacrylate 48.1%, Methacrylate mod. Polyacrylic acid 
3.8%, Stablizers <0.02% 
 
Monobond Plus 
Ethanol 50-100%, Trimethoxysilylpropyl methacrylate 
<2.5% 
Methacrylated phosphoric acid ester <2.5% 
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Experimental groups 
Four experimental groups were assigned in this study according to the repair materials of 
chipped veneered zirconia specimens. Table 37 shows the experimental groups in this study. 
  
Table 37: Experimental groups in this study 
Group Repair materials Bonding agents Resin cement 
1 Conventional resin composite 
(Tetric EvoCeram, Ivoclar 
Vivadent) 
Total-etch bonding agent 
(Heliobond, Ivoclar 
Vivadent) 
-  
2 Flowable resin composite  
(G-aenial Universal Flo, GC 
america) 
Self-etch bonding agent 
(G-aenial bond, GC 
america) 
-  
3 CAD/CAM feldspathic ceramic 
(Vita Trilux Forte, Vita 
Zahnfabrik) 
- Dual cure resin cement 
(Multilink Automix, 
Ivoclar Vivadent) 
4 CAD/CAM lithium disilicate 
glass-ceramic (IPS e.max CAD, 
Ivoclar Vivadent) 
- Dual cure resin cement 
(Multilink Automix, 
Ivoclar Vivadent) 
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Identical experimental veneered zirconia crowns were prepared for this experiment. All 
crowns included an “artificial defect” in the porcelain veneer to allow testing the strength (load-
to-failure) of “porcelain repair” by four materials combinations (Table 37) (N = 40, n = 10 per 
group). Figure 37 and 38 show the design and dimension of specimens. 
 
 
 
 
 
Figure 37: Composition of the specimens used  
in this study and direction of loading in testing 
Figure 38: standard dimension of 
specimens (unit = mm) 
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Preparation of zirconia copings 
Standardized aluminum dies were fabricated (Fig 39). One of the dies was scanned 
digitally with digital laboratory scanner (inEos Blue, Sirona, Germany) after coating the surfaces 
with a contrast spray (IPS Contrast Spray Labside, Ivoclar Vivadent, Liechtenstein). Zirconia 
copings were designed using the software (inLab 3.88, Sirona, Germany). Die spacer thickness 
of 10 μm was selected. Occlusal thickness was 0.7mm and axial wall thickness was 0.5mm. The 
copings were milled (inLab MCXL, Sirona, Germany) using presintered zirconia blocks (inCoris 
ZI, Sirona, Germany) and then sintered (Vita Zyrcomat, Vita Zahnfabrik, Germany) following 
manufacturer’s instructions (Table 38). The fit of coping was verified and adjusted by using Fit 
Checker black material (GC corp.). Binding spots were eliminated by using a smooth diamond 
(#8878, Brasseler) with water at a high speed. 
 
 
 
 
 
 
Figure 39 Aluminum die Figure 40 Sintered zirconia copings 
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Table 38. Firing parameter for zirconia sintering  
Materials Entry 
temperature 
Rising temperature 
rate(°C) 
Final temperature 
(°C) 
Holding time 
(min) 
inCoris ZI Room 
temperature 
17 1500 120 
 
Veneering to zirconia copings 
Base dentin wash bake was made by mixing VM9 Base dentin powder with modeling liquid 
to obtain a thin aqueous mixture, applied very thinly to the zirconia coping and then fired in Vita 
Vacumat 6000 M furnace (Vita Zahnfabrik, Germany) following manufacturer’s instructions. 
Porcelain build up was completed using a Teflon mold, aluminum die, shoulder ring and a screw. 
The shoulder ring was placed on the die to raise the finish line and prevent porcelain overhang 
during packing. The assembly (die + shoulder ring) was placed inside the Teflon mold and then 
In-Ceram YZ coping with the wash bake was placed on the die. Porcelain powder was mixed with 
modeling liquid and packed onto the mold using a vibrator. The mix was thoroughly dried using 
paper napkins and then the screw was used to push the die out of the mold. Then the sample was 
carefully removed from the mold and placed on a firing tray and stabilized with fixation paste (IPS 
object fix, Ivoclar vivadent, Liechtenstein). Porcelain was then fired to produce over-sized crowns 
following manufacturer’s instructions (Table 39).  
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Table 39: Firing steps for Vita VM9 
Firing steps Drying 
temp.  
°C 
Drying 
time 
min. 
Rising 
time 
min. 
Rising 
rate 
°C/min 
Final 
temp  
°C 
Holding 
time 
min. 
Cooling 
temp.  
°C 
Vacuum 
min. 
Wash bake 
firing 
500 2.00 7.27 45 950 1.00 - 8.11 
1st dentin firing 500 6.00 7.27 45 910 1.00 600 7.27 
2nd dentin firing 500 6.00 7.16 45 900 1.00 600 7.16 
Glaze firing 500 0.00 5.00 45 900 1.00 600 - 
 
Cementation of over-sized crowns to aluminum dies 
 Before cementation, the internal surfaces of all crowns were sandblasted with 50μm Al2O3 
(Cobra Aluoxid rosa, Renfert GmbH-Industriegebiet Hilzingen) at 2 bar pressure for 5 seconds, 
cleaned in ultrasonic cleaner for 5 minutes then dried with compressed oil-free air for 20 seconds. 
Monobond plus was applied to the pre-treated surface with a brush and allowed to react for 60 
seconds. Subsequently it was dispersed with a strong stream of air. Multilink primers A and B 
were mixed at 1:1 ratio and applied to the surface of aluminum dies for 15 seconds before air dried. 
A thin layer of luting composite (Multilink Automix, Ivoclar Vivadent, Liechtenstein) was applied 
on the internal surfaces of all crowns and then seated on the dies with figure pressure and excess 
cement was cleaned using disposable brush then they were placed in a cementation apparatus under 
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1850g load for 10 minutes. The light-curing procedure was conducted by pre-cure for 1 seconds 
before removal of cement excess, and then a full-cure for 20 seconds.  
Finishing of cemented crowns 
Due to the porcelain shrinkage from firing, the diameter of porcelain on the copings was not 
uniform throughout the height. The crowns were then machined into standardized cylindrical shape 
with CNC lathe machine (Compact 5, EMCO Maier) and were installed in custom holder for linear 
precision saw machine (Isomet 2000, Buehler, Lake Bluff, Illinois). The crowns were finished 
using fine diamond burs and polishing rubber wheels then glazed using Akzent glaze poweder and 
liquid with manufacturer’s instruction (Table 39). 
 
 
Figure 41 Experimental porcelain veneered zirconia crowns 
Simulated chipping of cemented crowns 
Cemented crowns were put in customized stub. This stub allowed the crowns to be placed 
at 45 degrees to the wafering blade of Isomet 2000 Precision saw (Buehler, Lake Bluff, Illinois). 
Bevel-cut on the porcelain veneer (45degree, 3mm width) was made on one side of each crown 
with 15LC diamond-wafering blade mounted on an Isomet 2000 Precision Saw. The cuts were 
made at 800rpm with 300gram of load with cooling provided by a dual-nozzle water irrigation 
system.  
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Figure 42 Beveling of crown to simulate 
porcelain chipping 
Figure 43 Beveled crown 
 
Repair of chipped veneered crowns 
The bevel-area of each porcelain ‘defect’ was etched with 5% Hydrofluoric acid (IPS 
Ceramic Etching Gel, Ivoclar Vivadent, Liechtenstein) for 1 min as recommended by the 
manufacturer. After etching, the specimens were thoroughly rinsed for 30 seconds using an air 
water spray to ensure that all the acid was removed from the surface. A silanating agent 
(Monobond-Plus, Ivoclar Vivadent, Liechtenstein) was applied to the surface of “defect” for 60 
seconds and dried it with an air syringe. The crowns were repaired according to the assigned 
groups; 
 
Group 1 Resin composite: Tetric EvoCeram 
Custom clear-shell was made to capture the shape of the intact crown before simulated 
chipping was done. It was made from Vacuum forming materials (Clear mouth guard material 
1mm, Great lakes orthodontics). The material was heat until the sag was formed and adapted to 
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the specimen by using vacuum former machine (Keystone dental, Massachusetts). The excess 
material was removed afterward with scissor. A small hold was made with round diamond bur #2 
(Brasseler, Georgia) to provide venting for resin composite. 
A thin layer of Heliobond (Ivoclar Vivadent, Liechtenstein) was applied onto porcelain 
defect using a brush. An optimal, thin layer can be achieved using a stream of air. The area was 
light-polymerized for 10 second with a visible light curing unit (Blue phase, Ivoclar Vivadent, 
Liechtenstein). Resin composite (Tetric EvoCeram, Ivoclar Vivadent, Liechtenstein) was applied 
onto the defect with the help of custom clear-shell in order to control the shape. The area was 
then light-polymerized for 40 second with a visible light curing unit (Blue phase, Ivoclar 
Vivadent, Liechtenstein). The shell was removed afterward. The area was polished with rubber 
wheel. 
 
Group 2 Resin composite: G-aenial Evo Flo 
A thin layer of Self-etch bonding agent (G-aenial bond, GC America, Georgia) was 
applied onto porcelain defect using a brush. An optimal, thin layer can be achieved using a 
stream of air. The area was light-polymerized for 10 second with a visible light curing unit (Blue 
phase, Ivoclar Vivadent, Liechtenstein). Resin composite (G-aenial Evo Flo, GC America, 
Illinois) was injected onto the defect through a hole of the same custom clear-shell previously 
mentioned in group1. The area was then light-polymerized for 40 second with a visible light 
curing unit (Blue phase, Ivoclar Vivadent, Liechtenstein). The shell was removed afterward. The 
area was polished with rubber wheel. 
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Figure 44 Vacuum formed clear shell Figure 45 Application of resin composite 
 
 
 
Figure 46 Crowns repaired with resin 
composite 
 
 
Group 3 Feldspathic ceramic: Vitablocs Trilux Forte 
Three master patterns of repair part was fabricated with Inlay pattern resin (Duralay, 
Reliance dental mfg). The monomer and powder was mixed together and adapt to the porcelain 
defect. The clear-shell from group 1 was adapt onto the crown in order to obtain the shape of the 
repair parts. Three patterns were connected together using sprues and then scanned digitally with 
milling machine (inLab MCXL, Sirona, Germany) after coating the surfaces with a contrast 
spray (IPS Contrast Spray Labside, Ivoclar Vivadent, Liechtenstein). The repair parts were 
milled using feldspathic ceramic blocks (Vita Trilux Forte, Vita Zahnfabrik, Germany). The 
spurs were cut after the milling. The occlusal surface of the parts was polished with rubber wheel 
and glazed using Akzent glaze powder and liquid (Table 40). The repair parts were etched with 
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5% Hydrofluoric acid (IPS Ceramic Etching Gel, Ivoclar Vivadent) for 1 min. Silanating agent 
(Monobond-Plus, Ivoclar Vivadent) was applied on the inner surface of repair parts for 60 
seconds and dried with an air syringe. The repair parts were cemented to the crowns with resin 
cement (Multilink Automix, Ivoclar Vivadent). The area was then light-polymerized for 40 
second with a visible light curing unit (Blue phase, Ivoclar Vivadent, Liechtenstein). 
 
 
 
Figure 47 Resin pattern of repair part Figure 48 Pattern ready for scan 
 
 
 
Figure 49 Scanned data Figure 50 Milled part 
 
97 
 
Table 40: Glaze firing steps for Vita Trilux Forte  
Drying 
temp.  
°C 
Drying 
time 
min. 
Rising 
time 
min. 
Rising 
rate 
°C/min 
Final 
temp  
°C 
Holding 
time 
min. 
Cooling 
temp.  
°C 
Vacuum 
min. 
500 4.00 5.15 80 920 1.00 - - 
 
Group 4 Lithium disillicate glass-ceramic (IPS e.max CAD) 
 The repair parts were milled using IPS e.max CAD (Ivoclar Vivadent, Liechtenstein). 
The spurs were cut after the milling. The occlusal surface of the parts was polished with rubber 
wheel at the occlusal surface. The parts were then subjected to crystallization firing using 
Programat EP5000 furnace (Ivoclar vivadent, Liechtenstein) and glazed on the occlusal surface 
simultaneously using IPS e.max CAD Crystall glaze paste (Ivoclar vivadent, Liechtenstein) 
(Table 41).  The cementation of the repaired parts to the crowns was done as previously 
mentioned in group 3. 
 
Figure 51 Repaired specimen with bonded ceramic 
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Table 41: Crystallization and glaze firing steps for IPS e.max CAD 
 
Thermal cyclic 
All crowns were subjected to thermal cycling for 5000 cycles in water baths held at 5 C 
and 55 C, with a dwell time in each bath of 30 seconds and a transfer time of 20seconds. Thermal 
cyclic apparatus consists of two tank holding hot and cold water. Tap water was used to fill both 
tanks in order to mimic the oral cavity environment that is frequently exposed to tap water. The 
hot water incubator was set and maintained at 55°C by a thermostat. The temperature of the cold 
water was set at 5°C. A basket containing specimens was moved between the two tanks at pre-
selected times. A counter recorded the number of cycles during testing. After simulated aging, the 
specimens were subsequently subjected to the mechanical testing. 
Scanning Electron Microscope (SEM) 
Sectioned samples were glued on aluminum stubs (SPI supplies, West Chester, PA), then 
sides of specimens were silver painted and allowed to dry for 24 hours. The specimens then were 
sputter coated with gold/palladium using sputter coater (Hummer II Technics, Alexandria, VA). 
The specimens were viewed under scanning electron microscope SEM (Phillips Electronics, 
Eindhoven, NL) with acceleration voltage of 15 kV to evaluate the fracture surfaces. 
Stand-
by 
temp 
°C 
Closing 
time 
min. 
Heating 
rate 
°C/min 
Firing 
temp. 
°C 
Holding 
time 
min. 
Heating 
rate 
°C/min 
Firing 
temp 
°C 
Holding 
time 
min. 
Vacuum 
1 
°C 
Vacuum 
2 
°C 
403 6.00 60 820 2.00 30 840 7.00 550-
1022 
820-
1508 
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Testing 
Mechanical testing was performed on Instron 5566A Universal Testing Frame (Intron, 
Norwood, Massachusetts) with 10kN load cell by loading force on the center of repaired part to 
record load-to-failure (Fig 52). The force was applied through a stainless-steel ball (2.5 mm in 
diameter). The load was applied vertically to the center of the repaired part (Fig 52) at a 
crosshead speed of 0.5 mm/min. The fracture load needed to cause failure of the specimen, 
which was registered as a peak in the load-displacement tracing, was recorded in newtons (N). 
The mode of fracture was examined for each specimen and categorized according to the 
following descriptions: 
  
Type I: fracture of the repair part without damaging of the porcelain (cohesive failure) 
Type II: fracture of the repair part with the porcelain (catastrophic failure) 
Type III: de-bonding of the repair part from porcelain (adhesive failure) 
 
 
Figure 52 Load-to-failure testing 
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Statistical analysis 
Statistical analysis was performed with SPSS Statistics for Windows v.11 (SPSS; 
Chicago, IL). Data were analyzed using one-way ANOVA, and multiple comparisons were made 
using Tukey HSD post hoc test. The p values <0.05 were considered to be statistically significant 
in all tests. 
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Results: 
The means and standard deviations for load-to-failure of repaired veneered zirconia 
crowns are presented in Table 42 
ANOVA revealed that there was a statistically significant difference between the groups 
(p<0.05). The Tukey HSD test indicated that there was a significantly higher (p<0.05) mean 
load-to-failure value for group 4 (1536.3±286.1N) when compared to group 1, 2, and 3 
(660.0±200.5N, 681.7±175.9N, and 1236.0±188.8N respectively). Group 3 also had significantly 
higher mean load-to-failure when compared to group 1 and 2. There was no significant 
difference between mean fracture resistance of group 1 and 2 
Modes of failure of the three tested CAD/CAM blocks are presented in Table 45. The 
results showed that catastrophic failure was the most dominant failure mode in every group. 
Some specimens exhibited cohesive failure. Only one specimen in group 4 had adhesive failure. 
  
Table 42. Means and S.D. (N) for load-to-failure of repaired veneered zirconia crowns 
 
 
Group 
Load-to-failure (N) 
Average Standard 
deviation 
Coefficient of Variation 
1 660.0 200.5 30.3 
2 681.7 175.9 25.8 
3 1236.0 188.8 15.2 
4 1536.3 286.1 18.6 
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Figure 53: Load-to-failure (N) for repaired experimental groups 
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Table 43: One-way ANOVA test, failure load of bilayered veneer-zirconia after 24h in water 
 
Source DF Sum of 
Squares 
Mean 
Square 
F Ratio Prob > F 
Group 3 5691447.6 1897149 38.1603 <.0001* 
Error 36 1789748.6 49715 
C. Total 39 7481196.2 
 
Table 44: Post-Hoc Tukey HSD test, failure load of bilayered veneer-zirconia after 24h in 
water 
 
Level  Mean 
IPS e.max CAD A 1536.2820 
Vitablocs Trilux Forte   B 1236.0270 
G-aenial Evo Flo     C 664.4980 
Tetric EvoCeram     C 659.9740 
 
Levels not connected by same letter are significantly different. 
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Table 45. Mode of failure of repaired veneered zirconia crowns 
Group Failure mode (n) 
Cohesive failure Catastrophic failure Adhesive failure 
1 3 7 0 
2 1 9 0 
3 2 8 0 
4 2 7 1 
 
 
Figure 54: Mode of failure of repaired veneered zirconia crowns 
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Scanning Electron Microscope Evaluation 
All of the selected specimens demonstrated catastrophic failures. They all exhibited 
similar fracture pattern. The fracture origin was from the top at the contacting point between ball 
load and specimens. The crack then propagated in downward direction.  
 
 
Figure 55 SEM micrograph of the fractured veneered-zirconia crown repaired with Tetric 
EvoCeram at magnification of 22x 
 
Figure 56 SEM micrograph of the fractured veneered-zirconia crown repaired with G-aenial 
Universal Flo at magnification of 22x 
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Figure 57 SEM micrograph of the fractured veneered-zirconia crown repaired with Vita Triluxe 
Forte at magnification of 22x 
 
 
 
Figure 58 SEM micrograph of the fractured veneered-zirconia crown repaired with IPS e.max 
CAD at magnification of 22x 
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Discussion 
  To determine clinical success of fixed prostheses, in-vitro testing of their strength by 
subjecting them to laboratory load-to-failure was one of the tests thought to simulate their 
clinical failure. Compressive load at failure is a measurement of the load at which a specimen 
shows the first sign of failure under test conditions. To standardize the experimental methods and 
conditions, multiple factors must be defined and controlled. The metal dies used in this study 
were industrially manufactured with the dimensions according to the clinical guideline. By using 
CAD/CAM system, zirconia copings and repair parts were standardized with respect to the 
design, preparation, size, shape, and thickness. The porcelain was baked into cylindrical shape 
and was shaped into desired diameter by CNC lathe machine. Bevel procedure to simulate 
porcelain chipping was done by cutting machine with custom jig to ensure the bevel accuracy. 
Also, the polishing process was done by the polishing machine controlled the load, water, speed, 
and time. It automatically maintained constant speed and load conditions. 
The surface treatment of porcelain was controlled for all the groups. The porcelain was 
etched with 5% Hydrofluoric acid and silanated with silane coupling agent, which are most 
preferred surface pretreatment technique to achieve high bond strength for silica-based all-
ceramic restorations (71).  Hydrofluoric acid roughened the surface of porcelain to create 
microporosities and cleaned in order to achieve sufficient activation to facilitate 
micromechanical and chemical bonding between the ceramic material and the resin material (58, 
64, 72). Silane coupling agents promote adhesion and form a chemical bond with organic and 
inorganic surfaces, thereby increasing the wettability of the ceramic surfaces (73).  
Due to the limitation of CAD software in designing non-anatomic structure, CAD/CAM 
repair parts in this study could not be designed directly from the software. The digital design of 
the CAD/CAM repair parts were from Inlay pattern resin instead. Despite of this additional step, 
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there should not be a difference in the final specimens as the specimens were polished and the 
dimension of the specimens were controlled afterward.  
When the mean fracture resistance of the four groups were compared, group 3 and 4 had 
higher fracture resistance values than group 1 and 2. The higher values of group 3 and 4 could be 
attributed to the CAD/CAM materials and resin cement. Both CAD/CAM feldspathic ceramic 
and lithium disilicate glass-ceramic had higher flexural strength than resin composite (74, 75). 
CAD/CAM materials were made from standardized manufacturing processes with uniform 
material quality. The resin cement used in this study might also contributed to the result. A study 
had shown that shear bond strength of porcelain veneer to resin cement was higher than to 
flowable resin composite (76). 
The mean fracture resistance values for Group 3 was lower than Group 4. This could be 
because of the mechanical properties of the two different CAD/CAM materials. Lithium 
disilicate glass-ceramic was shown to have flexural strength approximately 360 MPa while 
feldspathic ceramic had flexural strength 130 MPa (74, 75). 
  There was no difference in fracture resistance values between group 1 and 2. Both groups 
had resin composite as the repair materials. Both of the resin composite used in this study were 
considered nanohybrid composite. Flowable composite had low viscosity that provide it handling 
characteristic which might be advantageous when repairing porcelain in some situations. 
  In-vitro evaluation is the first step of testing any material to examine the properties and 
potential that it possesses. Because our study tested only load-to-failure of the repaired crowns 
from vertical loading, it is suggested that other aspects of the testing, such as effect of loading 
angulation, shear bond strength, mode of failure and micro leakage be studied for a more 
comprehensive evaluation of these porcelain repair systems. 
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Limitations of the study 
This study is an in vitro study that does not entirely mimic clinical conditions. The 
storage conditions were de-ionized water, and this environment does not represent the nature and 
effect of oral conditions on dental restorations. Standard non-anatomic aluminum dies with flat 
preparation surface were used for testing, which was not the same as a natural tooth preparation. 
Cyclic fatigue has a major effect on mechanical stability, and was not done in this study. The 
observed failure modes were based on a subjective visual report. 
 
Conclusion:  
  Within the limitation of this study, the results were statistically evaluated and following 
observations were made: 
 Veneered zirconia crowns repaired with CAD/CAM ceramic materials have significantly 
higher load-to-failure than veneered crowns repaired with resin composite.  
 Veneered zirconia crowns repaired with CAD/CAM milled lithium disilicate glass-ceramic 
have significantly higher load-to-failure than veneered crowns repaired with CAD/CAM 
milled feldspathic ceramic. 
 There is no difference in load-to-failure between veneered zirconia crowns repaired with 
conventional resin composite and flowable resin composite. 
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